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Advisor: Andrea S. Cupp 
Pubertal development in beef heifers is a transient period that has many contributing 
factors. Previously in our lab, progesterone (P4) concentrations collected from heifers at 
weaning (Oct) to breeding (May) were used to identify four distinct pubertal groups: 
Typical, Early, Start-Stop, and Non-Cycling. There is limited research on heifers and the 
impacts of whole blood cell populations, particularly WBCs, during pubertal development; 
however, girls with differing puberty onset displayed altered concentrations of hematocrit, 
white blood cells (WBC), and hemoglobin concentrations. Thus, our hypothesis was that 
heifer pubertal groups with delayed or precocious puberty may have increased white blood 
cells or altered whole blood parameters contributing to abnormal pubertal development. 
Weekly blood samples during the pre and peripubertal period were collected to obtain 
progesterone concentrations from previously identified pubertal classifications. Monthly 
blood samples were also analyzed with a HemaTrue ® Veterinary Hematology Analyzer to 
determine whole blood parameters. Additionally, blood smears were used to count specific 
WBC populations. All blood parameters were found to change during the collection period 
suggesting that weight and maturity directly impacts hematological and immunological 
factors. Early heifers tended to have reduced granulocyte cells (p=0.07) when compared to 
Typical (controls) but was not different from Start-Stop and Non-Cycling. Additionally, 
red cell distribution width to platelet ratio tended to be greater in Early compared to Typical 
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and Non-Cycling heifers. Early and Start-Stop heifers that initiate puberty earlier had 
increased hematocrit (p=0.04) when compared to heifers with delayed puberty (Non-
Cycling). Finally, Non-Cycling, heifers had reduced hemoglobin levels (p=0.03) compared 
to all other pubertal groups. Thus, hematological factors such as reduced granulocytes, 
increased hematocrit, and increased red blood cell width per platelet number may promote 
increased growth and development resulting in the probability that heifers will initiate 
puberty earlier. Furthermore, reductions in hemoglobin concentrations or functionality 





To my grandma Hargrave and grandpa Keane. While you were unable to watch 
me finish my degree, I am confident you would be proud in my academic growth and 





















 I would like to first sincerely thank my parents, Sheila and Christopher, and my 
brothers, Brenton and Sean, for supporting and standing by me through my education and 
endeavors. You have mentally and physically pushed me to prepare me for any challenge 
I may face while showing unconditional love and encouragement along the way. Thank 
you also to my grandparents, Di-Pi, and Hannah-Banana for being a part of my support 
system and putting up with my nonsense.  
To Dr. Andrea Cupp for providing an opportunity for me to excel as a student and 
scientist. You have invested your time, knowledge, and funding in order for me to learn 
more about cattle, research, how to critically think, and so many more skills that will enable 
me to confidently pursue any path I desire.   
To my committee members Drs. Jennifer Wood and John Davis for giving me 
support during my program. You have challenged my thoughts and understanding to allow 
me to grow as a researcher. Thank you for your encouragement and guidance throughout 
my program. It has been a privilege for me to have you on my committee. 
To the Cupp Lab, Courtney, Alex, Shelby, and Sarah. Sutton, you special Texan, 
your encouragement, direction, and friendship was essential every day with trivia nights’ 
being icing on the cake. Alex, thank you for your influence and guidance as you supported 
my growth and for the little moments that made research worth it (*pew* *pew* finger 
guns). Shelby, your emotional support, advice, and weekly dinners was exactly what I 
needed, when I needed it. Sarah, thank you for establishing an excellent legacy for me to 
follow and leaving this lab better than you found it. Thank you all for being friends and 
mentors during all hours of cow trials.  
iii 
 To Scott Kurz and Jeff Bergman, your education and guidance from cow to lab 
created a supportive learning environment for me to thrive. It’s been a pleasure working 
with you on all aspects of research. Additionally, thank you Austin Holliday, Deb Root, 
and the Mead crew for your reliable assistance when working the cows. 
To my office buddies Kerri and Alison, thank you for an inclusive office of 
friendship and support. A special thank you for turning on the lights when you walked in.  
To my fellow grad students Dorothy, Rachel, Katie, Caitlin, Joslyn, Rebecca, 
Hailey, Taylor, Micah, Zina, and Pablo for being dragged along and supportive of this 
experience called grad school. 
To my undergrads Caitlin, Kelsey, Felicia, Joseph, and Bailey for your dedication 
to learning. I would have never been able to complete my project without your assistance 
labeling thousands of tubes and pushing cattle through chutes. I sincerely appreciate the 
effort you put forth for research that was not your own and cannot thank you enough for 
your work.  
Finally, a special thank you to Covid-19 for providing me a unique opportunity to 
adapt and grow during my program. If not for you, we would have had our 2020 serial 
blood collection and intensive study. 
 
Thank you to everyone who has influenced and developed me to the person I am today. 





Chapter 1 Table of Contents 
 
CHAPTER 1: REVIEW OF THE LITERATURE ......................................................1 
Introduction .......................................................................................................................... 1 
Steroidogenesis ...................................................................................................................... 7 
Follicular Dynamics ............................................................................................................ 10 
Bovine Estrous Cycle .......................................................................................................... 12 
Factors Impacting Pubertal Attainment ............................................................................ 13 
Immune System ................................................................................................................... 15 
Innate and Adaptive Immunity .......................................................................................... 16 
Neutrophils ....................................................................................................................... 17 
Eosinophils ........................................................................................................................ 18 
Basophils ........................................................................................................................... 20 
Lymphocytes ..................................................................................................................... 21 
Monocytes ........................................................................................................................ 22 
Ovarian Inflammation ....................................................................................................... 23 
Summary ............................................................................................................................. 24 
Literature Cited .................................................................................................................. 26 
CHAPTER II: CHANGES IN WHOLE BLOOD PARAMETERS IN BEEF 
HEIFERS MAY CONTRIBUTE TO DELAYED PUBERAL ATTAINMENT ....... 45 
ABSTRACT ........................................................................................................................ 45 
INTRODUCTION ............................................................................................................... 47 
MATERIALS AND METHODS ........................................................................................ 48 
Ethics ................................................................................................................................ 48 
Animals ............................................................................................................................. 48 
Blood Sample Collection .................................................................................................... 49 
Progesterone Radioimmunoassay ..................................................................................... 49 
Puberty Group Classification ............................................................................................. 49 
White Blood Cell and Whole Blood Analysis ..................................................................... 50 
HemaTrue ......................................................................................................................... 50 
Blood Smears .................................................................................................................... 51 
Statistical Analysis ............................................................................................................. 52 
v 
RESULTS ............................................................................................................................ 52 
HemaTrue® ........................................................................................................................ 52 
Total White Blood Cell Count ....................................................................................... 52 
Lymphocyte, Monocyte, and Granulocyte ...................................................................... 53 
Mean Cell Volume of RBC and Red Cell Distribution Width ......................................... 53 
Hematocrit and Total Red Blood Cell Count .................................................................. 54 
Hemoglobin Concentration and Mean Cell Hemoglobin Concentration .......................... 54 
Total Platelet Count and Mean Platelet Volume ............................................................. 55 
Platelet to Lymphocyte Ratio and Red Cell Distribution Width to Platelet Ratio (RDW) 55 
Blood Smears .................................................................................................................... 56 
Granulocyte ................................................................................................................... 56 
Agranulocyte ................................................................................................................. 56 
DISCUSSION ...................................................................................................................... 56 
CONCLUSION ................................................................................................................... 63 
LITERATURE CITED ....................................................................................................... 65 
CHAPTER 1 APPENDIX ........................................................................................... 95 
ABSTRACT ........................................................................................................................ 95 
CHAPTER 2 APPENDIX ......................................................................................... 104 












List of Tables and Figures 
CHAPTER 1: REVIEW OF THE LITERATURE …………………………………...….1 
Figure 1: Representative Progesterone Profiles …….…………………….…………….2 
Figure 2: Representative Progesterone Profiles of Start-Stop Heifers …....…………….3 
Figure 3: Δ4 and Δ5 Steroidogenic Pathway .…………………………….…………….9 
Figure 4: Follicular Stages …………………………………..………….…...………...10 
Figure 5: Bovine Neutrophil ….…………….….………..……………….……………18 
Figure 6: Bovine Eosinophil .…………………………….……...…………………….19 
Figure 7: Bovine Basophil .…………………………………………………………....20 
Figure 8: Bovine Lymphocyte .…………………………….…...……………………..21 
Figure 9: Bovine Monocyte ……………...…………………………....……………....22 
CHAPTER 2: CHANGES IN WHOLE BLOOD PARAMETERS IN BEEF HEIFERS 
MAY CONTRIBUTE TO DELAYED PUBERAL ATTAINMENT …………………..45 
Figure 1: Experimental Timeline of Collections ..….…………………….…………...84 
Figure 2: Weight Comparisons by Pubertal Groups ....…………………….………….85 
Figure 3: Hematocrit Evaluation of Total White Blood Cell ..………….…...………...86 
Figure 4: Hematocrit Evaluation of  Lymphocyte ….…………………….…………...86 
Figure 5: Hematocrit Evaluation of Monocyte .…….…………………….…………...87 
Figure 6: Hematocrit Evaluation of Granulocyte ..….…………………….…………...87 
Figure 7: Hematocrit Evaluation of Mean Cell Volume of RBC …..…….…………...88 
Figure 8: Hematocrit Evaluation of Red Cell Distribution Width ….…….…………...88 
Figure 9: Hematocrit Evaluation of Hematocrit ...….…………………….…………...89 
Figure 10: Hematocrit Evaluation of Total Red Blood Cell Count …...….…………...89 
vii 
Figure 11: Hematocrit Evaluation of Hemoglobin Concentration ..…….……...……...90 
Figure 12: Hematocrit Evaluation of Mean Cell Hemoglobin Concentration ..…..…...90 
Figure 13: Hematocrit Evaluation of Total Platelet Count ..……………….…..……...91 
Figure 14: Hematocrit Evaluation of Mean Platelet Volume ……………….………...91 
Figure 15: Hematocrit Evaluation of Platelet to Lymphocyte Ratio ………..………...92 
Figure 16: Hematocrit Evaluation of Red Cell Distribution Width to Platelet Ratio …92 
Figure 17: Blood Smear Evaluation of Neutrophil, Basophil, and Eosinophil ………..93 
Figure 18: Blood Smear Evaluation of Lymphocyte and Monocyte ……...….……….94 
CHAPTER 1 APPENDIX ….……………………………………….…………………..95 
Figure 1: Adjusted Birth Weight ..….…………………….……………………………97 
Figure 2: Adjusted Weaning Weight ....…………………….…………………………97 
Figure 3: Adjusted Yearling Weight ..………….…...…………………………………98 
Figure 4: Birth to Weaning Average Daily Gain ….…………………….…………….98 
Figure 5: Weaning to Yearling Average Daily Gain .…………………….…………...99 
Figure 6: Birth to Yearling Weight per Day of Age ..…………………….…………...99 
Figure 7: Antral Follicle Count …..…….…………………………………………….100 
Figure 8: Uterine Horn Diameter ….…….…………………………………………...100 
Figure 9: Percent Reproductive Tract Score of 5 ..….…………………….………….101 
Figure 10: Prebreeding Weight …...….………………………………………………101 
Figure 11: Estrous Response to PGF2α ..…….……...……………………………….102 
Figure 12: Conception to AI of those AIed ..…..…………………………………….102 
Figure 13: Overall Pregnancy Rate ..……………….…..…………………………….103 
Figure 14: Calved in First 21 Days ..……………….…..…………………………….103 
viii 
CHAPTER 2 APPENDIX ….……………………………………….…………………104 
Hematrue Standard Operating Protocol ……………………………………………...105 
1 
CHAPTER 1: REVIEW OF THE LITERATURE 
Introduction  
 Beef production accounts for a large portion of agriculture receipts in the state of 
Nebraska and is therefore a large economic resource for beef cattle producers. Replacement 
heifers in cow-calf operations is one of the largest costs associated with cow-calf 
operations. To enhance producer profitability, selection of heifers with increased 
reproductive longevity is necessary. Heifers that achieve puberty earlier have longer 
reproductive longevity allowing producers to recover their development costs after 3-5 
calves (Perry, 2012). Our laboratory has evaluated how heifers achieve puberty and 
identified 4 different pubertal classifications: Early, Typical, Start-Stop and Non-Cycling 
(Nafziger et al., 2021). Therefore, the next step was to determine factors that may affect 
pubertal attainment to cause these differences in pubertal attainment. Many investigators 
have evaluated environment, plane of nutrition, male exposure, and health status (Izard and 
Vandenbergh, 1982; Nelsen et al., 1982; Hansen et al., 1983; Schillo et al., 1983; Roberson 
et al., 1991; Martin et al., 1992). However, little information is available on how 
hematological and immunological factors impact puberty in beef heifers. It has been shown 
that these parameters shift during the peripubertal period in girls and boys and may 
contribute to alterations in timing of attainment of puberty (Timmons et al., 2006; 
Pluncevic Gligoroska et al., 2019). This is largely due to hormonal changes that establish 
molecular, physiological, and anatomical differences altering the immune response 
(Lamason et al., 2006; Pluncevic Gligoroska et al., 2019). Currently, very little information 
is present in the literature in regard to how the immune system interacts with the 
reproductive system and impact on pubertal development. Therefore, this thesis provides 
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the first step in characterizing immunological and hematological factors during pubertal 
development in beef heifers.  
 
Hypothalamic-Pituitary-Gonadal Axis 
The hypothalamic-pituitary-gonadal (HPG) axis is the major endocrine signaling 
pathway associated with the reproductive system (Sarkar et al., 1976). The pathway is 
comprised of the hypothalamus, anterior pituitary, and gonads (specifically ovaries in the 
female). During the peripubertal process, the connections between the hypothalamus, 
pituitary, and ovary are established and estrous cyclicity is initiated (Atkins et al., 2013). 
If appropriate connections are not established, delayed or irregular cyclicity may occur 
Figure 1-1. Representative progesterone profiles of Typical, Early, Start-Stop, and Non-
Cycling heifers from weaning (October) to breeding (May). Since beginning the study in 
2012, 44% of heifers have been classified as Typiccal, 25% Early, 17% Start-Stop, and 14% 
Non-Cycling. From Nafziger et al., 2021 DOI: 10.1093/biolre/ioab044. 
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resulting in abnormal pubertal attainment (Cooper et al., 2000; Stoker et al., 2000). In 
Nafziger et al., a pubertal classification Start-Stop was identified that has an initial rise in 
progesterone of greater than 1 ng/ml; however, cyclicity is not maintained and 50% of the 
females resume cyclicity later during the pubertal process while another 50% do not 
(Nafziger et al., 2021). Also, a Non-Cycling pubertal group was identified that did not 
initiate cyclicity prior to breeding. We do not know why these females did not achieve 
regular cyclicity, but it appears that communication between the hypothalamus, pituitary, 
and ovary was not established appropriately in these females or was delayed in getting 
established. 
 
The hypothalamus originates in the diencephalon of the brain that is functionally 
important for regulating body temperature, metabolic processes, autonomic functions, and 
the reproductive system (Maffucci and Gore, 2009; Sanchez Jimenez and De Jesus, 2021).  
The hypothalamus synthesizes and secretes gonadotropin releasing hormone. 
Gonadotropin releasing hormone (GnRH) is a decapeptide that has several isoforms in 
mammalian species (Metallinou et al., 2007). The most common isoform is comprised of 
Figure 1-2. Representative progesterone profiles of Start-Stop heifers from weaning (Oct) 
to breeding (May). Graph A represents a heifer that initiated cyclicity during November 
and December, but failed to continue cycling. Graph B represents a heifer that also 
initiated cyclicity during November and December, but resumed cyclicity in March and 




the 10 amino acid sequence pGlu-His- Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH2 (Wang et 
al., 2012). In mature mammalian females, GnRH is secreted from two distinct regions of 
the hypothalamus: the tonic and surge centers. The tonic center provides pulsatile basal 
secretion of GnRH while the surge center releases high frequency and amplitude of GnRH 
(Karsch, 1987). The tonic and surge centers are controlled by neurons located in the arcuate 
(ARC) and preoptic area (POA), respectively (Marshall et al., 2001; Sanchez Jimenez and 
De Jesus, 2021). The surge center is unique to females and undergoes development during 
the pre and peripubertal period. The high frequency and amplitude of GnRH results in the 
release of luteinizing hormone (LH) in a surge like fashion that will result in ovulation 
(Vasantha and Kona, 2016). Once GnRH is released, it will be transported via the 
hypothalamic-hypophyseal portal system to bind to its G-protein-coupled receptor on 
pituitary gonadotrophs to stimulate the release of gonadotropins luteinizing hormone (LH) 
and follicle stimulating hormone (FSH) (Rispoli and Nett, 2005). Inappropriate maturation 
of the tonic and surge centers of the hypothalamus can result in puberty not being 
established in females (Marques et al., 2000; Crowe A. and Mullen P., 2013). The 
regulation of GnRH secretion is tightly controlled by other interconnected neurons in the 
hypothalamus. One of these GnRH regulators is the neuropeptide kisspeptin (Marques et 
al., 2000). 
Kisspeptin is encoded by the Kiss1 gene that stimulates GnRH secretion through 
binding of kisspeptin receptor (Kiss1R), previously referred to as G protein-coupled 
receptor 54 (GPR54), located on GnRH neuron bodies (Seminara et al., 2003; Oakley et 
al., 2009; Pinilla et al., 2012). Kisspeptin protein is encoded in two distinct regions of the 
hypothalamus, the preoptic area (POA) and arcuate nucleus (ARC) (Lehman et al., 2013). 
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Kisspeptin’s role in regulating GnRH secretion is largely due to estrogen receptor (ER)-
alpha, progesterone receptor, and androgen receptors that are co-localized with kisspeptin 
neurons (Lehman et al., 2010). Additionally, it has also been noted that kisspeptin neurons 
in ARC also have receptors for prolactin and insulin as a subset of KNDy neurons (Li et 
al., 2011; Lehman et al., 2013). 
Kisspeptin is unique in that its synthesis comes from multiple signals allowing 
informed input when stimulating the reproductive system through GnRH stimulation. As 
described, kisspeptin plays an intricate role in GnRH stimulation and secretion. This 
kisspeptin regulation begins during the pre and peripubertal developmental periods. While 
this process is not entirely understood, Kiss1 mRNA levels in the ARC are elevated and 
increase in signaling during puberty (Terasawa et al., 2013). Kiss1R levels also increase in 
the POA and ARC areas of the hypothalamus during puberty (Takase et al., 2009). It has 
been shown that as heifers approach puberty, fewer ER receptors are present in the 
hypothalamus and this potentially allows for desensitization to estrogen (Day et al., 1987; 
Atkins et al., 2013). These factors contribute to an overall increased secretion of kisspeptin 
allowing for additional stimulation of GnRH neurons (Roa et al., 2008). While the exact 
mechanisms contributing to GnRH release are not fully understood, increases in kisspeptin 
and desensitization of centers in the hypothalamus to estrogen enable GnRH to be released 
to stimulate gonadotropin secretions from the anterior pituitary (Terasawa et al., 2013). 
Upon stimulation of the anterior pituitary, gonadotropins LH and FSH are secreted 
and will bind to their receptors on the ovary. LH and FSH are glycoproteins that consist of 
the same noncovalently associated α-subunits (Hagen and McNeilly, 1975; Maghuin-
Rogister et al., 1975) and distinct β subunits (Mullen P. et al., 2013; Nedresky and Singh, 
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2020) . While both hormones are made of the same α subunit, the variation in the β subunit 
of the second polypeptide chain and attached carbohydrates in the amino acid sequence 
distinguish function of both hormones and each β subunit comes from different β subunit 
genes (Palermo, 2007). The β subunit of LH is comprised of 120 amino acids whereas the 
β subunit of FSH is comprised of 111 amino acids (Mullen P. et al., 2013; Nedresky and 
Singh, 2020). These differences give the glycoproteins a high degree of specificity for their 
respective receptors. 
It is important to note that the pulsatile secretion rate of LH and FSH are influenced 
by the number of oligosaccharides attached to the β subunit (Mullen P. et al., 2013). These 
differences in attached carbohydrates dictate the circulating half-life of the respective 
hormone. For example, the half-lives of GnRH, LH, and FSH are approximately 2-4 mins, 
20 mins, and 3-4 hours respectively (Kumar and Sharma, 2014). With GnRH being a small 
decapeptide and few carbohydrates attached to the β subunit of LH, these hormones are 
cleared from circulation much more quickly compared to FSH. These differences influence 
physiological impacts on receptive tissues. In response to FSH and LH’s action on the 
ovary, steroids are produced within the theca and granulosa cells which may diffuse into 
general circulation. Depending on age and reproductive cyclicity, these hormones 
positively or negatively stimulate the secretion of GnRH and the gonadotrophs completing 
the HPG axis. 
The process of pubertal attainment is defined when ovulation is accompanied with 
visual signs of estrus followed by normal luteal function (Perry, 2016). The first ovulation 
ensues once the hypothalamic-pituitary axis loses the inhibitory effect of estradiol (Day et 
al., 1987). This results in progressive secretion of LH to stimulate additional androgen 
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production to generate estradiol from growing follicles. Eventually, an LH surge is induced 
resulting in ovulation of an antral follicle (Moran et al., 1989).  
Steroidogenesis  
Ovarian steroidogenesis can be defined by the two-cell, two-gonadotropin theory 
(Fortune, 1986). Follicles develop through primordial to antral stages as somatic cells 
differentiate into theca and granulosa cells (Nikitin and Vorob’eva, 1988; Hsueh et al., 
2000; McGee and Hsueh, 2000; Binelli and Murphy, 2010). Theca and granulosa cells are 
the two somatic cell types involved in producing sex steroid hormones.  
Steroidogenesis in the ovary begins with cholesterol as the precursor for androgen 
and estrogen synthesis. Cholesterol is a 27-carbon steroid alcohol that has four fused rings 
and hydroxyl polar head. It is obtained through dietary means and synthesis by the liver. 
In the body, cholesterol is important for eukaryotic cell membranes in which it helps 
modulate fluidity and permeability and is the metabolic precursor for steroid hormones and 
bile acids (Gimpl and Gehrig-Burger, 2007). To produce steroid hormones, cholesterol is 
transported into the cytoplasm of the cell. Steroidogenic acute regulatory protein (StAR) 
regulates the transport of cholesterol from the outer mitochondrial membrane to the inner 
mitochondrial membrane (Miller, 2007). StAR is a necessary protein involved in 
steroidogenesis (Clark et al., 1995; Manna et al., 2003; Manna et al., 2009).  
Once cholesterol is transferred into the mitochondria, the enzyme cytochrome P450 
side-chain cleavage (P450scc or CYP11A1) converts cholesterol to pregnenolone. This 
conversion removes the side chain at carbon 17 of the D ring (Black et al., 1994). The P450 
enzyme family that chemically modifies cholesterol to generate the steroid hormones is 
commonly used throughout steroidogenesis. These enzymes are classified as hydroxylases 
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and typically alter the side groups on the cholesterol rings as demonstrated with P450scc. 
These subtle alterations in cleavage of the side groups allows distinct binding of the steroid 
hormone to the specific steroid receptor. In addition to the P450 enzyme family, 
hydroxysteroid dehydrogenases are also primary enzymes involved in steroidogenesis 
(Miller, 1988). Pregnenolone is the precursor hormone that has the capacity to be converted 
to any steroid hormone through two alternate pathways: Δ4 and Δ5. These are the two most 
predominant pathways found in mammals with humans, bovine, sheep, and primates 
favoring the Δ5 pathway (Conley and Bird, 1997). 
Theca interna cells are located along the exterior of the basement membrane of the 
follicle and are responsible for androgen synthesis (Fortune and Armstrong, 1977). Once 
cholesterol is in the cell, expression and activity of the enzymes responsible for converting 
cholesterol to an androgen are activated with LH binding to its extracellular receptor, 
luteinizing hormone receptor (LHR) (Fortune, 1986). Binding of LH causes the activation 
of membrane bound G-proteins. This G-protein complex is broken into two components 
where the α subunit binds to the activated GTP (Baird et al., 1981). This component then 
binds and activates adenylyl cyclase to catalyze the formation of cyclic adenosine 
monophosphate (cAMP), a secondary messenger, from ATP. cAMP then activates protein 
kinase A (PKA) which is responsible for activating enzymes to convert the substrates into 
products. In these steps of steroidogenesis for theca interna cells, cholesterol is the substrate 
with the product being a species dependent androgen. For example, the major androgen for 
humans is testosterone whereas in cattle it is androstenedione (Fortune, 1986). After the 
androgen is produced, it diffuses through the theca interna cell to enter the granulosa cells. 
Granulosa cells are the second cell type in the two-cell model of steroidogenesis (Fortune, 
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1986). Follicle Stimulating Hormone (FSH) binds to its receptor, follicle stimulating 
hormone receptor (FSHR), located on the extracellular membrane of the granulosa cell to 
cause activation of cyclic adenosine monophosphate (cAMP). Then, cAMP activates PKA 
which increases the aromatization of the androgen to estradiol through the induction of 
CYP19A1 which converts androgens into estrogens (Palermo, 2007). Theca interna cells 
are unable to produce estradiol due to the lack of the enzyme CYP19A1. This results in the 
necessity of two cells being involved in the steroid production. Upon generation of the 
steroid hormones, freely circulating sex hormone binding globulin (SHBG) will bind to 
steroid hormones, testosterone and estradiol, to allow circulation of these hormone 
throughout the body. SHBG is a glycoprotein that is required to facilitate this transportation 
because of the polar, steroid profile of these hormones that do not allow them to be soluble 
in blood and circulate unless they our bound to a binding protein  (Selby, 1990).  
Figure 1-3. Illustration of the steroidogenesis pathway emphasizing the roles of the theca and 
granulosa cells producing estradiol in the two-cell, two-gonadotropin theory. Cholesterol is 
the biological precursor for producing the sex steroid hormones. 
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Follicular Dynamics  
 In the ovary, developing follicles containing oocytes will grow and regress in 
response to gonadotropins. The initial stage of follicular development are primordial 
follicles which are composed of oocytes surrounded by a single layer of flattened squamous 
cells known as pre-granulosa cells (Fortune, 2003). Oocytes are present in the indifferent 
gonad prior to development of an ovary. They migrate from the yolk sack to hindgut and 
then genital ridge of the indifferent gonad. Granulosa cells arise from coelomic epithelium 
of the genital ridge and migrate into the gonad prior to follicle formation with the oocytes 
form oogonial clusters (Liu et al., 2015; Ariza et al., 2016; Strauss and Williams, 2019). 
Primordial follicles develop into primary follicles due to the differentiation of the granulosa 
cell morphology from squamous into cuboidal cells. Early primary follicles have cuboidal 
Figure 1-4. Follicle staging of primordial, primary, and antral follicles. Primordial follicles 
are identifiable with a single layer of squamous cells. Developed squamous cells to cuboidal 




and squamous cells surrounding the oocyte (Eppig, 2001). Primary follicles transition to 
secondary follicles which contain two or more layers of cuboidal granulosa cells 
surrounding the oocyte and have two distinct cell layers comprised of granulosa and theca 
cells (Young and McNeilly, 2010). The theca cells are thought to differentiate from 
fibroblast-like mesenchymal cells in the stromal compartment and they migrate to the 
basement membrane surrounding the granulosa layer (Liu et al., 2015; Ariza et al., 2016; 
Strauss and Williams, 2019).   
 These secondary follicles continue development into antral follicles or go through 
atresia. Secondary follicles begin accumulating follicular fluid and have three distinctive 
cell layers made of theca externa, theca interna, and granulosa cells (Eppig, 2001). 
Secondary follicles will be selected to continue to develop into antral follicles. Antral 
follicles are characterized by containing an antrum, or fluid filled cavity (Richards, 1994). 
In monovulatory species, typically one antral follicle will become a large dominant follicle 
that will ovulate under the correct endocrine milieu. This will release the oocyte for 
potential fertilization. During any of these transition growth periods, the follicles can enter 
atresia, also known as apoptosis or cell death, rather than continuing to grow into the next 
phase (Richards, 1994; Eppig, 2001). Once a follicle ovulates, some of the granulosa and 
theca cells will remain a part of the ovary and will develop into a corpus luteum (Smith et 
al., 1994).  
The corpus luteum (CL) forms from somatic cells, theca and granulosa, that remain 
after the oocyte is ovulated from the follicle. The CL produces several hormones including 
progesterone, oxytocin, relaxin, inhibin, and activin which are essential for reproductive 
regulation and communication to other tissues in the body (Messinis et al., 2009). The 
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presence of the CL will inhibit estrus and ovulation. The process of growing, regressing, 
and ovulating follicles is described in the bovine estrous cycle.  
Bovine Estrous Cycle 
 Pubertal cattle undergo dynamic estrous cyclicity with a displayed estrous and 
ovulation of a dominant ovarian follicle. The estrous cycle can be divided into two major 
phases: follicular and luteal phases. Estradiol is the predominant hormone produced in the 
follicular phase while progesterone is the predominant hormone in the luteal phase.  
 The estrous cycle begins with the ovulation of a dominant follicle. During the 
process of ovulation, mural granulosa and theca cells remain a part of the ovary and 
undergo the process of luteinization to form large and small luteal cells, respectively 
(Hoyer and Niswender, 1985; Farin et al., 1989; Smith et al., 1994). This process is 
characterized by a morphological and functional change to enable progesterone to be the 
predominant hormone produced as estrogen declines. The process of luteinization develops 
the corpus luteum (CL) that begins emerging after 2-3 days (Dieleman and Blankenstein, 
1985). The luteal phase begins with the emergence of a corpus luteum on the ovary. This 
phase will last approximately from days 1 to 17 of the estrous cycle (Rajakoski, 1960; 
Choudary et al., 1968; Sirois and Fortune, 1988; Taylor and Rajamahendran, 1991). The 
HPG axis is suppressed by the presence of progesterone inhibiting GnRH secretion. 
Progesterone remains elevated if pregnancy recognition signaled by the conceptus occurs. 
Interferon-tau is the specific pregnancy recognition hormone in ruminants (Forde and 
Lonergan, 2017). If pregnancy recognition does not occur in time, the sustained 
progesterone from the corpus luteum will result in the secretion of prostaglandin F2α 
effectively regressing the corpus luteum (Taylor and Rajamahendran, 1991).   
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 Occurring approximately days 18 to 21, the follicular phase will produce substantial 
estradiol from growing antral follicles. This group of antral follicles is characterized as one 
follicular wave that will result in typically one dominant antral follicle ovulating (Sirois 
and Fortune, 1988; Bao and Garverick, 1998). During the duration of an estrous cycle, 2 to 
3 follicular waves usually occur (Sirois and Fortune, 1988). Due to the elevated 
progesterone during the luteal phase, the leading 1 to 2 follicular waves result in the 
dominant follicle becoming atretic and regressing. However, the removal of the inhibitory 
progesterone enables the last follicular wave of the estrous cycle to develop an ovulatory 
follicle (Stock and Fortune, 1993). This follicle will usually reach 10-15 mm in diameter 
in cattle (Perry et al., 2007). The increasing estradiol production from the dominant follicle 
will eventually induce GnRH pulses and therefore LH surge to ovulate the follicle. This 
results in the generation of a new corpus luteum and estrous cycle to begin.   
Factors Impacting Pubertal Attainment 
 Puberty is a transient period of development that results in the display of estrus and 
ovulation with the capability to become pregnant for females (Patterson et al., 1992). There 
are numerous factors that contribute to an animal becoming pubertal including but not 
limited to nutrition, environmental factors, presence of male, and genetics. These factors 
ultimately culminate to pubertal development that can have long-lasting production 
impacts for the producer. 
 The nutritional plane and overall weight of prepubertal beef heifers has a positive 
correlation to age at pubertal development (Nelsen et al., 1982). It has been illustrated that 
puberty is initiated in heifers when they typically reach 55-65% of their mature body 
weight (Freetly et al., 2011). It is crucial that heifers are allowed sufficient time to grow as 
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it has been shown that heifers born earlier in the calving season are heavier at breeding and 
are therefore likely to have higher pregnancy rates (Wiltbank et al., 1985). By feeding 
heifers at a higher nutritional plane, age at puberty is decreased and allows for breeding 
and pregnancy to occur sooner (Short and Bellows, 1971). Nutrition and whole-body 
reserves are critical factors in initiating puberty.  
One method of indicating whole-body reserves is through monitoring levels of the 
hormone leptin. Leptin is predominantly produced and released by white adipose tissue 
and regulated through nutritional and metabolic status (Chilliard et al., 2005). This 
hormone is crucial for the initiation of puberty in cattle and other mammals. Without the 
production of leptin from the ob gene in adipocytes, individuals will be hypogonadal and 
infertile (Strobel et al., 1998). However, when leptin is supplemented in ob/ob mice 
deficient in leptin, puberty can be triggered (Chehab et al., 1997; Mounzih et al., 1997). It 
has been indicated that leptin is able to affect the central reproductive axis through its own 
receptors and neuropeptide Y (NPY) to indicate the overall metabolic state of the individual 
(Zieba et al., 2005). These metabolic factors are important signals to indicate if pregnancy 
can be supported and therefore for pubertal development to progress. 
 Heifer’s age at puberty is impacted by varying environments. Season of birth for 
cattle can contribute to pubertal onset (Schillo et al., 1983). This is likely the result of 
variations in photoperiod, temperature, and/or hormonal balance contributing to metabolic 
status and gonadal hormones (Hansen et al., 1983; Schillo et al., 1983; Garcia et al., 2002). 
It has also been observed that cattle maintained in cold stress environments had an increase 
in dry matter intake while animals maintained in heat stress environments had a decreased 
intake of dry matter. These differences in environment and feed intake contribute to the 
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overall metabolic status and weight of the animal and negatively impacts pubertal 
attainment (Fox and Tylutki, 1998). Regardless of season of birth for heifers, it appears 
that birth of offspring occur more often in spring or summer (Kinder et al., 1987). 
 Interaction and contact of the male, commonly referred to as bull exposure for 
cattle, helps to hasten the onset of puberty in beef heifers (Izard and Vandenbergh, 1982; 
Roberson et al., 1991). The main hypothesized mechanisms in which bull exposure 
advances the onset of puberty is through exposure of pheromones. In a study conducted 
with goats, it was shown that exposure to the male pheromones increased pulsatile release 
of GnRH (Hamada et al., 1996). 
 There is significant genetic variation in onset of puberty between beef cattle breeds 
(Martin et al., 1992). Genetic selection from producers has been the driving factor for 
genetic diversity among breeds. Selection for weight, specifically percentage of mature 
body weight, and age is the predominant factor contributing to age at puberty. Heifers from 
larger mature breeds typically achieve puberty at a later age and at a heavier weight 
compared to smaller mature breeds (Martin et al., 1992). Crossbreeds also typically reach 
puberty earlier than pedigree animals (Ferrell, 1982). 
Immune System 
 The immune system in multicellular organisms is critical for protecting the body 
from pathogens and regulating inflammation. Through exposure to pathogens and 
acquisition of antibodies, the immune system develops and changes to respond to future 
foreign material. In addition to responding to foreign material, the peripheral immune 
system has been shown to develop during the pre and peripubertal period. This is largely 
impart due to hormonal changes that establish molecular, physiological, and anatomical 
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differences altering the immune response (Lamason et al., 2006; Pluncevic Gligoroska et 
al., 2019). Sex steroid hormones, such as estradiol and testosterone, have the capacity to 
influence lymphocyte and macrophage function (Shames, 2002). For example, after 
pubertal attainment, women have been shown to have stronger innate and adaptive immune 
responses when compared to men (Klein and Flanagan, 2016; Laffont et al., 2017). This 
can lead to higher risk for autoimmune diseases that are more sex-specific (Brenhouse and 
Schwarz, 2016). Unfortunately, there is little information available with less than 10% of 
immunology articles accounting for sex in models and even less information available 
focusing on the pubertal development period (Beery and Zucker, 2011). Nevertheless, the 
immune and reproductive systems are intricately intertwined and should be the subject for 
future investigations.   
Innate and Adaptive Immunity 
Multicellular organisms have developed a complex and highly specific immune 
system to respond to foreign pathogens within the body. The immune system has two 
primary components of immune response that are innate and adaptive immunity. 
The innate immune response is commonly known for having a quickly reacting and 
broad-spectrum defense to non-self antigen detection. This ability allows the body to 
respond to foreign pathogens within hours of microorganism exposure (Hoffmann et al., 
1999). Neutrophils, eosinophils, basophils, and monocytes are the primary leukocytes 
involved in the innate immune response. The adaptive immune response is intrinsically 
slower to responding to a foreign pathogen invasion, but unlike the innate immune response 
it acts in a highly specific and targeted attack. The adaptive immune response is highly 
efficient because clonal expansion of immune cells enables rapid production of antibodies 
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targeted to a specific antigen (Dempsey et al., 2003). The adaptive immune system 
primarily uses lymphocytes and its ability to differentiate naive B, T, and natural killer 
cells into mature effector cells in its immune response. 
Before dissecting the inflammatory response and antibody production, it is 
important to characterize the cells involved in the body’s immune system. Leukocytes, or 
white blood cells, are cells that respond to irritants or antigen to begin the inflammatory 
process. All leukocytes originate from the pluripotent hematopoietic stem cells in bone 
marrow and differentiate in the thymus, bone marrow, or blood circulation (Seita and 
Weissman, 2010; Woods et al., 2011; Zlotoff and Bhandoola, 2011). Leukocytes are 
divided into two main classifications: granulocytes and agranulocytes. Granulocytes are 
white blood cells that contain secretory granules in the cytoplasm such as, neutrophils, 
eosinophils, and basophils. Agranulocytes, the second leukocyte classification, are white 
blood cells that lack granules in the cytoplasm, these include lymphocytes and monocytes. 
Neutrophils 
Neutrophils are the first responders and most readily available immune cell. These 
cells are produced in the bone marrow from differentiated committed granulocyte 
progenitor cells. CCAAT/enhancer binding protein α and PU.1 are transcription factors 
critical for progenitor cells to become committed to the generation of granulocytes, 
granulocytopoiesis (Iwasaki et al, 2005). Growth factor independent-1 is essential for the 
specific differentiation of neutrophils (Karsunky et al., 2002). Neutrophils enter endothelial 
tissues to become activated. Once activated, neutrophils phagocytose pathogens and 
release enzymes, such as peroxide, from their granules (Teng et al., 2017). With the 
production of granulocyte-colony stimulating factor (G-CSF), cytokines are generated and 
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released into the peripheral tissue (Borregaard, 2010). With the secretion of chemokines 
and cytokines in circulation, acute inflammation will begin to recruit additional leukocytes 
to the activation site. 
 
Eosinophils 
Eosinophils have several roles in the immune system including responding to 
allergens, fighting viral and parasitic infections, and removing fibrin from tissues (Riddle 
and Barnhart, 1965; Kay et al., 1997; Humbles et al., 2004). Differentiation of eosinophils 
is dependent on transcription factor interferon consensus sequence binding protein 
(ICSBP) and GATA-binding factor 1 (GATA-1). GATA-1 has been identified on the X 
chromosome of humans and mice that associates with a double GATA sequence commonly 
related to numerous eosinophil dependent genes including granule protein genes, CC-
chemokine receptor 3, interleukin 5 receptor alpha chain, and GATA-1  (Zimmermann et 
Figure 1-5. Image of bovine 
neutrophils. Neutrophils are 
morphologically discerned by 
the presence of dark granules 
surrounded by a clear 
cytoplasm. These cells have a 
smooth, round shape.  
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al., 2000; Yu et al., 2002). Eosinophils produce reactive oxygen species (superoxide and 
hydrogen peroxide) through the NADPH oxidase, or NOX, pathway, which allows for the 
degradation of pathogens (Brown and Griendling, 2009; Ravin and Loy, 2015). In addition 
to the reactive oxygen species, several proteins are released including: major basic protein, 
eosinophil cationic protein, and eosinophil-derived neurotoxin are dispersed at sites of 
possible infection to assist in the recruitment of additional leukocytes and combat any 
pathogen present (Haman et al., 1991; Blanchard and Rothenberg, 2009). The above-
mentioned factors also assist in the breakdown of fibrin from eosinophil chemotactic 
factors and collagenases which are present in the granules. These proteins degrade type I 
and III collagen that cause fibrosis in the tissue (Scott and Miller, pg. 273, 2011). 
Eosinophils synthesize several cytokines, chemokines, and lipid mediators that are 
associated with the proinflammatory process such as IL-2 and 10, RANTES, leukotriene 
C4, and GM-CSF (Blanchard and Rothenberg, 2009). 
Figure 1-6. Image of 
bovine eosinophils. 
Eosinophils are most 
easily identified by a 
pink, acidic dye binding 
to the cytoplasm. 
Additionally, granules 




Basophils are the primary responders to allergens and the major cause for the 
inflammatory reaction. Basophils are produced from the hematopoietic stem cells and 
mature within the bone marrow. Through the expression of over 30 surface receptors, 
including high-affinity IgE receptors, FcεRI, cytokine receptors interleukin (IL)-3R, IL-
5R, and GM-CSFR, and chemokine receptors CCR2 and CCR3, basophils become 
activated to release histamines comprised of proteoglycans (Stone et al., 2010). 
Additionally, leukotriene 4, leukotriene D4, and leukotriene E4 are produced from the 
basophils to increase vascular permeability and bronchoconstrictors. These factors cause 
the contraction of smooth muscle and dilation of capillaries promoting blow flood to the 
allergen site to recruit additional leukocytes (Siracusa et al., 2013).  
Figure 1-7. Image of 
bovine basophil. The 
distinguishing factor in 
identifying basophils 
compared to other 
granulocytes is that the 
granules are present on 
the exterior of the cell. 
Additionally, purple, basic 
dye adheres more to 
basophils to generate a 
purple/pink appearance to 
the cytoplasm.  
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Lymphocytes 
Lymphocytes are the primary leukocyte in the adaptive immune response of the 
body. The cells originate from common lymphoid progenitor cells in the bone marrow and 
thymus and are found in circulation throughout the body and peripheral tissues. When 
activated, these cells differentiate into T and B lymphocytes and natural killer cells (Bonilla 
and Oettgen, 2010). B lymphocytes originate in the bone marrow and are committed to 
maturation through expression of signal-transduction receptors CD19 and CD34 (Blom and 
Spits, 2006). T lymphocytes originate in the thymus. Under experimental conditions, 
multiple types of progenitors can generate T cells. These cells are selected when gene 
expression for DN2 and DN3 phenotypic stages (c-Kit+ CD44+ CD25+ and c-
Kitlow CD44- CD25+ respectively) occur to eliminate alternative hematopoietic fates 
(Carpenter and Bosselut, 2010; Rothenberg, 2011). In their development, gene segments 
are spliced to create a diverse population of receptors to identify pathogens. When 
pathogens are identified, long-live memory T and B cells are created to establish a faster 
immune response with subsequent encounters of the pathogen. 
Figure 1-8. Image of 
bovine lymphocytes. 
Lymphocytes are small 
and circular with a 
smooth exterior wall. 
Additionally, two 
cytoplasmic membranes 






Monocytes are primarily associated with the innate immune system but play 
functional roles in adaptive immunity. Monocytes develop within the bone marrow and 
differentiate from macrophage-DC precursor cells. After entering circulation, 
environmental factors dictate monocyte differentiation into either macrophage 1 (M1) or 
macrophage 2 (M2) cells. M1 cells are proinflammatory and recruit additional white blood 
cells to increase cytokines produced at the pathogen site. M2 cells are anti-inflammatory 
and promote cell proliferation and repair through collagen synthesis and fibrosis (Italiani 
and Boraschi, 2014). Both cells are phagocytic and engulf pathogenic microorganisms 
(Weiss et al., 2009). Monocytes differentiate into macrophages based on specific 
subpopulations and genetic markers (Muñoz et al., 2020). For example, CCR2hiLy6C+ 
subpopulation monocytes have preferential differentiation to M1 macrophages whereas 
CCRlowLy6C- subpopulation monocytes are attributed to M2 macrophages (Yang et al., 
2014). The literature suggests that, due to the high plasticity 
Figure 1-9. Image 
of bovine 
monocytes. 
Monocytes are the 
largest of the 
agranulocyte and 
granulocyte white 
blood cells. These 
cells have 
abnormally shaped 






nature of monocytes, either the upregulation or downregulation of Ly6C can result in 
monocyte differentiate to either M1 or M2 (Yang et al., 2014). 
Ovarian Inflammation 
The process of ovulation is an inflammatory response. Cytokines and chemokines 
are essential for ovulation to occur in the normal estrous cycle (Stassi et al., 2019). 
Activated T lymphocytes, macrophages, monocytes, and neutrophils will infiltrate the 
theca layer during the follicular phase and be present in higher concentrations of 
preovulatory follicles (Duffy et al., 2019). The follicular phase is the normal progression 
of primordial follicles developing to antral follicles for ovulation. These infiltrated 
leukocytes will secrete numerous chemokines and cytokines to recruit additional 
leukocytes to the ovary (Stassi et al., 2019). Some of these chemokines and cytokines 
present are granulocyte-macrophage-colony stimulating factor (GM-CSF), monocyte 
chemoattractant protein 1 (MCP-1), interleukin (IL) 8 and 6 proteins, chemokine ligand 20 
(CCL20), regulated upon activation of normal T cell expressed and secreted (RANTES), 
interferon alpha (INFα), and IFNβ are just a few signaling factors normally expressed in 
preovulatory follicles that recruit additional leukocytes (Stassi et al., 2017; Snider and 
Wood, 2019).  
 Interestingly, GM-CSF and IL-8 also regulate ovarian cell function (Stassi et al., 
2017). In the steroidogenesis pathway discussed earlier, GM-CSF decreases granulosa cell 
proliferation and synthesis of 17β-estradiol and progesterone (Zhang and An, 2007) which 
will result in the accumulation of androgens. IL-8 also inhibits estradiol synthesis in 
granulosa cells but increases progesterone synthesis in both theca and granulosa cells 
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(Shimizu et al., 2012). These cytokines are essential for healthy ovulation to release the 
oocyte for fertilization.  
Summary 
 Initiation and maintaining estrous cyclicity is essential for pubertal development. 
Failure to establish regular cyclicity can negatively impact profitability of beef producers. 
There are numerous factors that contribute to pubertal development including nutrition, 
weight, environmental factors, presence of male, and genetics. These components regulate 
the hypothalamic-pituitary-gonadal axis that helps to determine a physiological set-point 
where energy can be deviated to the reproductive system.  
 While it has been well established that the previously described factors are essential 
for the initiation of puberty, one area of emerging research is how the interplay of 
hematological and immunological factors can impact pubertal attainment. Gonadal 
hormones can impact development and function of white and red blood cell development. 
Estradiol receptors are present on several lymphoid tissues, lymphocytes, macrophages, 
and dendritic cells (Klein and Flanagan, 2016). Progesterone has a broad anti-inflammatory 
effect on macrophages and dendritic cells by inhibiting IL-1β and TNF secretion (Butts et 
al., 2007; Jones et al., 2010). Additionally, P4 can also antagonize the TLR and NF-κB 
pathways that will inhibit the inflammatory process (Butts et al., 2007). Androgens also 
have a broad anti-inflammatory effect where inhibition can be caused by TNFα, inducible 
nitric oxide synthase, and nitric oxide pathways by macrophages  (D’Agostino et al., 1999; 
Lechner et al., 2005). Androgens are also able to increase IL-10 and TGFβ that will 
promote anti-inflammatory responses (D’Agostino et al., 1999; Liva and Voskuhl, 2001). 
These studies have established that gonadal hormones influence hematological and 
25 
immunological factors. However, very little information is present on potential roles of 
different immunological factors on puberty. Therefore, the current study is the first step in 
determining if alterations in hematological and immunological factors effect different 
pubertal classifications in beef heifers during the pre and peripubertal period which might 


























1. Andreacci, J. L., R. J. Robertson, J. J. Dubé, D. J. Aaron, G. Balasekaran, and S. 
A. Arslanian. 2004. Comparison of maximal oxygen consumption between black 
and white prepubertal and pubertal children. Pediatr. Res. 56:706–13. 
doi:10.1203/01.PDR.0000141521.77229.8D. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/15319460 
2. Ariza, L., R. Carmona, A. Cañete, E. Cano, and R. Muñoz-Chápuli. 2016. 
Coelomic epithelium-derived cells in visceral morphogenesis. Dev. Dyn. 
245:307–322. doi:10.1002/dvdy.24373. Available from: 
http://doi.wiley.com/10.1002/dvdy.24373 
3. Atkins, J. A., K. G. Pohler, and M. F. Smith. 2013. Physiology and 
Endocrinology of Puberty in Heifers. Vet. Clin. North Am. Food Anim. Pract. 
29:479–492. doi:10.1016/j.cvfa.2013.07.008. Available from: 
https://linkinghub.elsevier.com/retrieve/pii/S0749072013000601 
4. Baird, D. T., I. A. Swanston, and A. S. McNeilly. 1981. Relationship between 
LH, FSH, and prolactin concentration and the secretion of androgens and 
estrogens by the preovulatory follicle in the ewe. Biol. Reprod. 24:1013–25. 
doi:10.1095/biolreprod24.5.1013. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/6791711 
5. Bao, B., and H. A. Garverick. 1998. Expression of steroidogenic enzyme and 
gonadotropin receptor genes in bovine follicles during ovarian follicular waves: a 
review. J. Anim. Sci. 76:1903–21. doi:10.2527/1998.7671903x. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/9690647 
6. Beery, A. K., and I. Zucker. 2011. Sex bias in neuroscience and biomedical 
research. Neurosci. Biobehav. Rev. 35:565–72. 
doi:10.1016/j.neubiorev.2010.07.002. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/20620164 
7. Biljak, V. R., D. Pancirov, I. Čepelak, S. Popović-Grle, G. Stjepanović, and T. Ž. 
Grubišić. 2011. Platelet count, mean platelet volume and smoking status in stable 
chronic obstructive pulmonary disease. Platelets. 22:466–470. 
doi:10.3109/09537104.2011.573887. Available from: 
http://www.tandfonline.com/doi/full/10.3109/09537104.2011.573887 
8. Billett, H. H. 1990. Hemoglobin and Hematocrit. 3rd ed. (H. Walker, W. Hall, 
and J. Hurst, editors.). Butterworths, Boston. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/21250102 
9. Binelli, M., and B. D. Murphy. 2010. Coordinated regulation of follicle 
development by germ and somatic cells. Reprod. Fertil. Dev. 22:1. 
doi:10.1071/RD09218. Available from: 
http://www.publish.csiro.au/?paper=RD09218 
10. Black, S. M., J. A. Harikrishna, G. D. Szklarz, and W. L. Miller. 1994. The 
27 
mitochondrial environment is required for activity of the cholesterol side-chain 
cleavage enzyme, cytochrome P450scc. Proc. Natl. Acad. Sci. U. S. A. 91:7247–
51. doi:10.1073/pnas.91.15.7247. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/8041774 
11. Blanchard, C., and M. E. Rothenberg. 2009. Chapter 3 Biology of the Eosinophil. 
Adv. Immunol. 101:81–121. doi:10.1016/S0065-2776(08)01003-1. Available 
from: https://pubmed.ncbi.nlm.nih.gov/19231593/ 
12. Blom, B., and H. Spits. 2006. Development of human lymphoid cells. Annu. Rev. 
Immunol. 24:287–320. doi:10.1146/annurev.immunol.24.021605.090612. 
Available from: https://pubmed.ncbi.nlm.nih.gov/16551251/ 
13. Bonilla, F. A., and H. C. Oettgen. 2010. Adaptive immunity. J. Allergy Clin. 
Immunol. 125. doi:10.1016/j.jaci.2009.09.017. Available from: 
https://pubmed.ncbi.nlm.nih.gov/20061006/ 
14. Bova, T. L., L. Chiavaccini, G. F. Cline, C. G. Hart, K. Matheny, A. M. Muth, B. 
E. Voelz, D. Kesler, and E. Memili. 2014. Environmental stressors influencing 
hormones and systems physiology in cattle. Reprod. Biol. Endocrinol. 12:58. 
doi:10.1186/1477-7827-12-58. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/24996419 
15. Brenhouse, H. C., and J. M. Schwarz. 2016. Immunoadolescence: Neuroimmune 
development and adolescent behavior. Neurosci. Biobehav. Rev. 70:288–299. 
doi:10.1016/j.neubiorev.2016.05.035. Available from: 
https://linkinghub.elsevier.com/retrieve/pii/S0149763416301051 
16. Brown, D. I., and K. K. Griendling. 2009. Nox proteins in signal transduction. 
Free Radic. Biol. Med. 47:1239–1253. doi:10.1016/j.freeradbiomed.2009.07.023. 
Available from: https://pubmed.ncbi.nlm.nih.gov/19628035/ 
17. Butts, C. L., S. A. Shukair, K. M. Duncan, E. Bowers, C. Horn, E. Belyavskaya, 
L. Tonelli, and E. M. Sternberg. 2007. Progesterone inhibits mature rat dendritic 
cells in a receptor-mediated fashion. Int. Immunol. 19:287–96. 
doi:10.1093/intimm/dxl145. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/17289656 
18. Carpenter, A. C., and R. Bosselut. 2010. Decision checkpoints in the thymus. Nat. 
Immunol. 11:666–673. doi:10.1038/ni.1887. Available from: 
http://www.nature.com/articles/ni.1887 
19. Chehab, F. F., K. Mounzih, R. Lu, and M. E. Lim. 1997. Early onset of 
reproductive function in normal female mice treated with leptin. Science. 275:88–
90. doi:10.1126/science.275.5296.88. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/8974400 
20. Chen, B., B. Ye, J. Zhang, L. Ying, and Y. Chen. 2013. RDW to Platelet Ratio: A 
Novel Noninvasive Index for Predicting Hepatic Fibrosis and Cirrhosis in Chronic 
Hepatitis B. J. Fung, editor. PLoS One. 8:e68780. 
doi:10.1371/journal.pone.0068780. Available from: 
28 
https://dx.plos.org/10.1371/journal.pone.0068780 
21. Chesler, M. 2003. Regulation and Modulation of pH in the Brain. Physiol. Rev. 
83:1183–1221. doi:10.1152/physrev.00010.2003. Available from: 
https://www.physiology.org/doi/10.1152/physrev.00010.2003 
22. Chilliard, Y., C. Delavaud, and M. Bonnet. 2005. Leptin expression in ruminants: 
Nutritional and physiological regulations in relation with energy metabolism. 
Domest. Anim. Endocrinol. 29:3–22. doi:10.1016/j.domaniend.2005.02.026. 
23. Choudary, J. B., H. T. Gier, and G. B. Marion. 1968. Cyclic changes in bovine 
vesicular follicles. J. Anim. Sci. 27:468–71. doi:10.2527/jas1968.272468x. 
Available from: http://www.ncbi.nlm.nih.gov/pubmed/5689563 
24. Clark, B. J., S. C. Soo, K. M. Caron, Y. Ikeda, K. L. Parker, and D. M. Stocco. 
1995. Hormonal and developmental regulation of the steroidogenic acute 
regulatory protein. Mol. Endocrinol. 9:1346–55. doi:10.1210/mend.9.10.8544843. 
Available from: http://www.ncbi.nlm.nih.gov/pubmed/8544843 
25. Conley, A. J., and I. M. Bird. 1997. The role of cytochrome P450 17 alpha-
hydroxylase and 3 beta-hydroxysteroid dehydrogenase in the integration of 
gonadal and adrenal steroidogenesis via the delta 5 and delta 4 pathways of 
steroidogenesis in mammals. Biol. Reprod. 56:789–99. 
doi:10.1095/biolreprod56.4.789. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/9096858 
26. Cooper, R. L., T. E. Stoker, L. Tyrey, J. M. Goldman, and W. K. McElroy. 2000. 
Atrazine Disrupts the Hypothalamic Control of Pituitary-Ovarian Function. 
Toxicol. Sci. 53:297–307. doi:10.1093/toxsci/53.2.297. Available from: 
https://academic.oup.com/toxsci/article-lookup/doi/10.1093/toxsci/53.2.297 
27. Craig, T. M. 1988. Impact of internal parasites on beef cattle. J. Anim. Sci. 
66:1565–9. doi:10.2527/jas1988.6661565x. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/3294225 
28. Cronkite, D. A., and T. M. Strutt. 2018. The Regulation of Inflammation by 
Innate and Adaptive Lymphocytes. J. Immunol. Res. 2018:1–14. 
doi:10.1155/2018/1467538. Available from: 
https://www.hindawi.com/journals/jir/2018/1467538/ 
29. Crowe A., M., and M. Mullen P. 2013. Regulation and Function of Gonadotropins 
Throughout the Bovine Oestrous Cycle. In: J. Vizcarra, editor. Gonadotropin. 
Intech Open. Available from: 
http://www.intechopen.com/books/gonadotropin/regulation-and-function-of-
gonadotropins-throughout-the-bovine-oestrous-cycle 
30. D’Agostino, P., S. Milano, C. Barbera, G. Di Bella, M. La Rosa, V. Ferlazzo, R. 
Farruggio, D. M. Miceli, M. Miele, L. Castagnetta, and E. Cillari. 1999. Sex 
hormones modulate inflammatory mediators produced by macrophages. Ann. N. 
Y. Acad. Sci. 876:426–9. doi:10.1111/j.1749-6632.1999.tb07667.x. Available 
from: http://www.ncbi.nlm.nih.gov/pubmed/10415638 
29 
31. Day, M. L., K. Imakawa, P. L. Wolfe, R. J. Kittok, and J. E. Kinder. 1987. 
Endocrine Mechanisms of Puberty in Heifers. Role of Hypothalamo-Pituitary 
Estradiol Receptors in the Negative Feedback of Estradiol on Luteinizing 
Hormone Secretion1. Biol. Reprod. 37:1054–1065. 
doi:10.1095/biolreprod37.5.1054. Available from: 
https://academic.oup.com/biolreprod/article-
lookup/doi/10.1095/biolreprod37.5.1054 
32. Dempsey, P. W., S. A. Vaidya, and G. Cheng. 2003. The Art of War: Innate and 
adaptive immune responses. Cell. Mol. Life Sci. 60:2604–2621. 
doi:10.1007/s00018-003-3180-y. Available from: 
https://pubmed.ncbi.nlm.nih.gov/14685686/ 
33. Dieleman, S. J., and D. M. Blankenstein. 1985. Progesterone-synthesizing ability 
of preovulatory follicles of cows relative to the peak of LH. J. Reprod. Fertil. 
75:609–15. doi:10.1530/jrf.0.0750609. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/4067937 
34. Duffy, D. M., C. Ko, M. Jo, M. Brannstrom, and T. E. Curry. 2019. Ovulation: 
Parallels With Inflammatory Processes. Endocr. Rev. 40:369–416. 
doi:10.1210/er.2018-00075. Available from: 
https://academic.oup.com/edrv/article/40/2/369/5210375 
35. Eppig, J. J. 2001. Oocyte control of ovarian follicular development and function 
in mammals. Reproduction. 122:829–38. doi:10.1530/rep.0.1220829. Available 
from: http://www.ncbi.nlm.nih.gov/pubmed/11732978 
36. Farin, C. E., H. R. Sawyer, and G. D. Niswender. 1989. Analysis of cell types in 
the corpus luteum of the sheep. J. Reprod. Fertil. Suppl. 37:181–7. Available 
from: http://www.ncbi.nlm.nih.gov/pubmed/2810229 
37. Fernandez-Novo, A., S. S. Pérez-Garnelo, A. Villagrá, N. Pérez-Villalobos, and 
S. Astiz. 2020. The Effect of Stress on Reproduction and Reproductive 
Technologies in Beef Cattle-A Review. Anim.  an open access J. from MDPI. 10. 
doi:10.3390/ani10112096. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/33187308 
38. Ferrell, C. L. 1982. Effects of Postweaning Rate of Gain on Onset of Puberty and 
Productive Performance of Heifers of Different Breeds. J. Anim. Sci. 55:1272–
1283. doi:10.2527/jas1982.5561272x. Available from: 
https://academic.oup.com/jas/article/55/6/1272-1283/4662024 
39. Forde, N., and P. Lonergan. 2017. Interferon-tau and fertility in ruminants. 
Reproduction. 154:F33–F43. doi:10.1530/REP-17-0432. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/28887326 
40. Fortune, J. E. 1986. Bovine Theca and Granulosa Cells Interact to Promote 
Androgen Production1. Biol. Reprod. 35:292–299. 




41. Fortune, J. E. 2003. The early stages of follicular development: activation of 
primordial follicles and growth of preantral follicles. Anim. Reprod. Sci. 78:135–
163. doi:10.1016/S0378-4320(03)00088-5. Available from: 
https://linkinghub.elsevier.com/retrieve/pii/S0378432003000885 
42. Fortune, J. E., and D. T. Armstrong. 1977. Androgen Production by Theca and 
Granulosa Isolated from Proestrous Rat Follicles 1. Endocrinology. 100:1341–
1347. doi:10.1210/endo-100-5-1341. Available from: 
https://academic.oup.com/endo/article-lookup/doi/10.1210/endo-100-5-1341 
43. Fox, D. G., and T. P. Tylutki. 1998. Accounting for the Effects of Environment on 
the Nutrient Requirements of Dairy Cattle. 
44. Freetly, H. C., L. A. Kuehn, and L. V. Cundiff. 2011. Growth curves of crossbred 
cows sired by Hereford, Angus, Belgian Blue, Brahman, Boran, and Tuli bulls, 
and the fraction of mature body weight and height at puberty1,2. J. Anim. Sci. 
89:2373–2379. doi:10.2527/jas.2011-3847. Available from: 
https://academic.oup.com/jas/article/89/8/2373-2379/4764433 
45. Garcia, M. R., M. Amstalden, S. W. Williams, R. L. Stanko, C. D. Morrison, D. 
H. Keisler, S. E. Nizielski, and G. L. Williams. 2002. Serum leptin and its adipose 
gene expression during pubertal development, the estrous cycle, and different 
seasons in cattle. J. Anim. Sci. 80:2158. doi:10.2527/2002.8082158x. Available 
from: https://pubmed.ncbi.nlm.nih.gov/12211386/ 
46. Garvin, J. H. 2004. Gender-Specific Aspects of Pediatric Hematology and 
Oncology. In: Principles of Gender-Specific Medicine. Elsevier. p. 36–43. 
Available from: 
https://linkinghub.elsevier.com/retrieve/pii/B9780124409057502681 
47. Gimpl, G., and K. Gehrig-Burger. 2007. Cholesterol Reporter Molecules. Biosci. 
Rep. 27:335–358. doi:10.1007/s10540-007-9060-1. Available from: 
https://portlandpress.com/bioscirep/article/27/6/335/55588/Cholesterol-Reporter-
Molecules 
48. Gordeuk, V. R., N. S. Key, and J. T. Prchal. 2019. Re-evaluation of hematocrit as 
a determinant of thrombotic risk in erythrocytosis. Haematologica. 104:653–658. 
doi:10.3324/haematol.2018.210732. Available from: 
http://www.haematologica.org/lookup/doi/10.3324/haematol.2018.210732 
49. Grob, F., and M. Zacharin. 2020. Puberty in chronic inflammatory conditions. 
Curr. Opin. Endocr. Metab. Res. 14:29–36. doi:10.1016/j.coemr.2020.04.009. 
Available from: https://linkinghub.elsevier.com/retrieve/pii/S2451965020300508 
50. Hagen, C., and A. S. McNeilly. 1975. Changes in Circulating Levels of LH, FSH, 
LHβ- and α-Subunit After Gonadotropin-Releasing Hormone, and of TSH, LHβ- 
and α-Subunit After Thyrotropin-Releasing Hormone. J. Clin. Endocrinol. Metab. 
41:466–470. doi:10.1210/jcem-41-3-466. Available from: 
https://academic.oup.com/jcem/article-lookup/doi/10.1210/jcem-41-3-466 
31 
51. Hamada, T., M. Nakajima, Y. Takeuchi, and Y. Mori. 1996. Pheromone-lnduced 
stimulation of hypothalamic gonadotropin-releasing hormone pulse generator in 
ovariectomized, estrogen-primed goats. Neuroendocrinology. 64:313–319. 
doi:10.1159/000127134. Available from: 
https://pubmed.ncbi.nlm.nih.gov/8895861/ 
52. Haman, K., R. Barker, R. Ten, and G. Gleich. 1991. The molecular biology of 
eosinophil granule proteins. Int. Arch. Allergy Immunol. 94:202–209. 
doi:10.1159/000235362. Available from: 
https://pubmed.ncbi.nlm.nih.gov/1657792/ 
53. Hansen, P. J., L. A. Kamwanja, and E. R. Hauser. 1983. Photoperiod influences 
age at puberty of heifers. J. Anim. Sci. 57:985–92. doi:10.2527/jas1983.574985x. 
Available from: http://www.ncbi.nlm.nih.gov/pubmed/6643310 
54. Herman, N., C. Trumel, A. Geffré, J.-P. Braun, M. Thibault, F. Schelcher, and N. 
Bourgès-Abella. 2018. Hematology reference intervals for adult cows in France 
using the Sysmex XT-2000iV analyzer. J. Vet. Diagn. Invest. 30:678–687. 
doi:10.1177/1040638718790310. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/30027829 
55. Herrera, A. Y., S. E. Nielsen, and M. Mather. 2016. Stress-induced increases in 
progesterone and cortisol in naturally cycling women. Neurobiol. Stress. 3:96–
104. doi:10.1016/j.ynstr.2016.02.006. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/27981182 
56. Hoffmann, J. A., F. C. Kafatos, C. A. Janeway, and R. A. B. Ezekowitz. 1999. 
Phylogenetic perspectives in innate immunity. Science (80-. ). 284:1313–1318. 
doi:10.1126/science.284.5418.1313. Available from: 
https://pubmed.ncbi.nlm.nih.gov/10334979/ 
57. Hoyer, P. B., and G. D. Niswender. 1985. The regulation of steroidogenesis is 
different in the two types of ovine luteal cells. Can. J. Physiol. Pharmacol. 
63:240–8. doi:10.1139/y85-045. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/2985223 
58. Hsueh, A. J., E. A. McGee, M. Hayashi, and S. Y. Hsu. 2000. Hormonal 
regulation of early follicle development in the rat ovary. Mol. Cell. Endocrinol. 
163:95–100. doi:10.1016/s0303-7207(99)00245-2. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/10963880 
59. Humbles, A. A., C. M. Lloyd, S. J. McMillan, D. S. Friend, G. Xanthou, E. E. 
McKenna, S. Ghiran, N. P. Gerard, C. Yu, S. H. Orkin, and C. Gerard. 2004. A 
Critical Role for Eosinophils in Allergic Airways Remodeling. Science (80-. ). 
305:1776–1779. doi:10.1126/science.1100283. Available from: 
https://www.sciencemag.org/lookup/doi/10.1126/science.1100283 
60. Hunter, G. R., R. L. Weinsier, J. P. McCarthy, D. Enette Larson-Meyer, and B. R. 
Newcomer. 2001. Hemoglobin, muscle oxidative capacity, and VO2max in 
African-American and Caucasian women. Med. Sci. Sports Exerc. 33:1739–43. 
32 
doi:10.1097/00005768-200110000-00019. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/11581560 
61. Italiani, P., and D. Boraschi. 2014. From monocytes to M1/M2 macrophages: 
Phenotypical vs. functional differentiation. Front. Immunol. 5. 
doi:10.3389/fimmu.2014.00514. Available from: 
https://pubmed.ncbi.nlm.nih.gov/25368618/ 
62. Izard, M. K., and J. G. Vandenbergh. 1982. The effects of bull urine on puberty 
and calving date in crossbred beef heifers. J. Anim. Sci. 55:1160–1168. 
doi:10.2527/jas1982.5551160x. 
63. Jones, L. A., S. Kreem, M. Shweash, A. Paul, J. Alexander, and C. W. Roberts. 
2010. Differential modulation of TLR3- and TLR4-mediated dendritic cell 
maturation and function by progesterone. J. Immunol. 185:4525–34. 
doi:10.4049/jimmunol.0901155. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/20844199 
64. Karsch, F. J. 1987. Central Actions of Ovarian Steroids in the Feedback 
Regulation of Pulsatile Secretion of Luteinizing Hormone. Available from: 
www.annualreviews.org 
65. Karsunky, H., H. Zeng, T. Schmidt, B. Zevnik, R. Kluge, K. W. Schmid, U. 
Dührsen, and T. Möröy. 2002. Inflammatory reactions and severe neutropenia in 
mice lacking the transcriptional repressor GFi1. Nat. Genet. 30:295–300. 
doi:10.1038/ng831. Available from: https://pubmed.ncbi.nlm.nih.gov/11810106/ 
66. Kay, A. B., L. Barata, Q. Meng, S. R. Durham, and S. Ying. 1997. Eosinophils 
and Eosinophil-Associated Cytokines in Allergic Inflammation. Int. Arch. Allergy 
Immunol. 113:196–199. doi:10.1159/000237545. Available from: 
https://www.karger.com/Article/FullText/237545 
67. Kells, N. J., N. J. Beausoleil, C. B. Johnson, J. P. Chambers, C. O’Connor, J. 
Webster, R. Laven, and N. Cogger. 2020. Indicators of dehydration in healthy 4- 
to 5-day-old dairy calves deprived of feed and water for 24 hours. J. Dairy Sci. 
103:11820–11832. doi:10.3168/jds.2020-18743. Available from: 
https://linkinghub.elsevier.com/retrieve/pii/S0022030220308481 
68. Kinder, J. E., M. L. Day, and R. J. Kittok. 1987. Endocrine regulation of puberty 
in cows and ewes. J. Reprod. Fertil. Suppl. 34:167–86. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/3305916 
69. Klein, S. L., and K. L. Flanagan. 2016. Sex differences in immune responses. Nat. 
Rev. Immunol. 16:626–38. doi:10.1038/nri.2016.90. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/27546235 
70. Kobayashi, S. D., J. M. Voyich, A. R. Whitney, and F. R. DeLeo. 2005. 
Spontaneous neutrophil apoptosis and regulation of cell survival by granulocyte 
macrophage-colony stimulating factor. J. Leukoc. Biol. 78:1408–1418. 
doi:10.1189/jlb.0605289. Available from: 
http://doi.wiley.com/10.1189/jlb.0605289 
33 
71. Kone, B., M. Maiga, B. Baya, Y. Sarro, N. Coulibaly, A. Kone, B. Diarra, M. 
Sanogo, A. Togo, D. Goita, M. Dembele, M. A. Polis, J. Warfield, M. Belson, S. 
Dao, S. Orsega, R. L. Murphy, S. Diallo, and S. Siddiqui. 2017. Establishing 
Reference Ranges of Hematological Parameters from Malian Healthy Adults. J. 
blood lymph. 7. doi:10.4172/2165-7831.1000154. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/29423342 
72. Kowsar, R., M. Komeili, N. Sadeghi, and K. Sadeghi. 2021. Multistep analysis 
reveals the relationship between blood indices at the time of ovum pick-up and in 
vitro embryo production in heifers. Theriogenology. 159:153–164. 
doi:10.1016/j.theriogenology.2020.10.026. Available from: 
https://linkinghub.elsevier.com/retrieve/pii/S0093691X20305732 
73. Krabbe, S., T. Christensen, J. Worm, C. Christiansen, and I. Transbol. 1978. 
Relationship Between Haemoglobin and Serum Testosterone in Normal Children 
and Adolescents and in Boys with Delayed Puberty. Acta Paediatr. 67:655–658. 
doi:10.1111/j.1651-2227.1978.tb17818.x. Available from: 
http://doi.wiley.com/10.1111/j.1651-2227.1978.tb17818.x 
74. Kumar, P., and A. Sharma. 2014. Gonadotropin-releasing hormone analogs: 
Understanding advantages and limitations. J. Hum. Reprod. Sci. 7:170–174. 
doi:10.4103/0974-1208.142476. Available from: 
https://pubmed.ncbi.nlm.nih.gov/25395741/ 
75. Laffont, S., E. Blanquart, and J.-C. Guéry. 2017. Sex Differences in Asthma: A 
Key Role of Androgen-Signaling in Group 2 Innate Lymphoid Cells. Front. 
Immunol. 8. doi:10.3389/fimmu.2017.01069. Available from: 
http://journal.frontiersin.org/article/10.3389/fimmu.2017.01069/full 
76. Lamason, R., P. Zhao, R. Rawat, A. Davis, J. C. Hall, J. J. Chae, R. Agarwal, P. 
Cohen, A. Rosen, E. P. Hoffman, and K. Nagaraju. 2006. Sexual dimorphism in 
immune response genes as a function of puberty. BMC Immunol. 7:2. 
doi:10.1186/1471-2172-7-2. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/16504066 
77. Latimer, K. S. 2011. DUNCAN & PRASSE’S VETERINARY LABORATORY 
MEDICINE: CLINICAL PATHOLOGY. Fifth. Wiley-Blackwell. 
78. Lechner, M., P. Lirk, and J. Rieder. 2005. Inducible nitric oxide synthase (iNOS) 
in tumor biology: the two sides of the same coin. Semin. Cancer Biol. 15:277–89. 
doi:10.1016/j.semcancer.2005.04.004. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/15914026 
79. Lehman, M. N., S. M. Hileman, and R. L. Goodman. 2013. Neuroanatomy of the 
Kisspeptin Signaling System in Mammals: Comparative and Developmental 
Aspects. In: p. 27–62. Available from: http://link.springer.com/10.1007/978-1-
4614-6199-9_3 
80. Lehman, M. N., C. M. Merkley, L. M. Coolen, and R. L. Goodman. 2010. 
Anatomy of the kisspeptin neural network in mammals. Brain Res. 1364:90–102. 
34 
doi:10.1016/j.brainres.2010.09.020. Available from: 
https://linkinghub.elsevier.com/retrieve/pii/S0006899310019992 
81. Li, Q., A. Rao, A. Pereira, I. J. Clarke, and J. T. Smith. 2011. Kisspeptin cells in 
the ovine arcuate nucleus express prolactin receptor but not melatonin receptor. J. 
Neuroendocrinol. 23:871–82. doi:10.1111/j.1365-2826.2011.02195.x. Available 
from: http://www.ncbi.nlm.nih.gov/pubmed/21793946 
82. Lin, Z., M. Li, Y. Wang, L. A. Tell, R. E. Baynes, J. L. Davis, T. W. Vickroy, and 
J. E. Riviere. 2020. Physiological parameter values for physiologically based 
pharmacokinetic models in food‐producing animals. Part I: Cattle and swine. J. 
Vet. Pharmacol. Ther. 43:385–420. doi:10.1111/jvp.12861. Available from: 
https://onlinelibrary.wiley.com/doi/10.1111/jvp.12861 
83. Liu, C., J. Peng, M. M. Matzuk, and H. H.-C. Yao. 2015. Lineage specification of 
ovarian theca cells requires multicellular interactions via oocyte and granulosa 
cells. Nat. Commun. 6:6934. doi:10.1038/ncomms7934. Available from: 
http://www.nature.com/articles/ncomms7934 
84. Liva, S. M., and R. R. Voskuhl. 2001. Testosterone acts directly on CD4+ T 
lymphocytes to increase IL-10 production. J. Immunol. 167:2060–7. 
doi:10.4049/jimmunol.167.4.2060. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/11489988 
85. Maffucci, J. A., and A. C. Gore. 2009. Hypothalamic neural systems controlling 
the female reproductive life cycle gonadotropin-releasing hormone, glutamate, 
and GABA. Int. Rev. Cell Mol. Biol. 274:69–127. doi:10.1016/S1937-
6448(08)02002-9. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/19349036 
86. Maghuin-Rogister, G., J. Closset, and G. Hennen. 1975. Differences in the 
carbohydrate portion of the alpha subunit of porcine lutropin (LH), follitropin 
(FSH) and thyrotropin (TSH). FEBS Lett. 60:263–6. doi:10.1016/0014-
5793(75)80727-7. Available from: http://www.ncbi.nlm.nih.gov/pubmed/1227965 
87. Manna, P. R., M. T. Dyson, and D. M. Stocco. 2009. Regulation of the 
steroidogenic acute regulatory protein gene expression: Present and future 
perspectives. Mol. Hum. Reprod. 15:321–333. doi:10.1093/molehr/gap025. 
Available from: https://pubmed.ncbi.nlm.nih.gov/19321517/ 
88. Manna, P. R., X.-J. Wang, and D. M. Stocco. 2003. Involvement of multiple 
transcription factors in the regulation of steroidogenic acute regulatory protein 
gene expression. Steroids. 68:1125–34. doi:10.1016/j.steroids.2003.07.009. 
Available from: http://www.ncbi.nlm.nih.gov/pubmed/14643873 
89. Marques, P., K. Skorupskaite, J. T. George, and R. A. Anderson. 2000. 
Physiology of GNRH and Gonadotropin Secretion. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/25905297 
90. Marshall, J. C., C. A. Eagleson, and C. R. McCartney. 2001. Hypothalamic 
dysfunction. Mol. Cell. Endocrinol. 183:29–32. doi:10.1016/s0303-
35 
7207(01)00611-6. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/11604221 
91. Martin, J. L., K. W. Creighton, J. A. Musgrave, T. J. Klopfenstein, R. T. Clark, D. 
C. Adams, and R. N. Funston. 2008. Effect of prebreeding body weight or 
progestin exposure before breeding on beef heifer performance through the 
second breeding season1. J. Anim. Sci. 86:451–459. doi:10.2527/jas.2007-0233. 
Available from: https://academic.oup.com/jas/article/86/2/451/4789104 
92. Martin, L. C., J. S. Brinks, R. M. Bourdon, and L. V Cundiff. 1992. Genetic 
Effects on Beef Heifer Puberty and Subsequent Reproduction. J. Anim. Sci. 
70:4003–4017. doi:70:4006-4017. 
93. May, A. G., K. S. Omecinski, B. J. Frankowski, and W. J. Federspiel. 2020. 
Effect of Hematocrit on the CO2 Removal Rate of Artificial Lungs. ASAIO J. 
66:1161–1165. doi:10.1097/MAT.0000000000001140. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/33136604 
94. McDonald, J. A., S. M. Eng, O. O. Dina, C. M. Schooling, and M. B. Terry. 2016. 
Infection and pubertal timing: a systematic review. J. Dev. Orig. Health Dis. 
7:636–651. doi:10.1017/S2040174416000313. Available from: 
https://www.cambridge.org/core/product/identifier/S2040174416000313/type/jour
nal_article 
95. McGee, E. A., and A. J. W. Hsueh. 2000. Initial and Cyclic Recruitment of 
Ovarian Follicles*. Endocr. Rev. 21:200–214. doi:10.1210/edrv.21.2.0394. 
Available from: https://pubmed.ncbi.nlm.nih.gov/10782364/ 
96. Messinis, I., C. Messini, and K. Dafopoulos. 2009. Luteal-phase endocrinology. 
Reprod. Biomed. Online. 19:15–29. doi:10.1016/S1472-6483(10)61066-8. 
Available from: https://linkinghub.elsevier.com/retrieve/pii/S1472648310610668 
97. Metallinou, C., B. Asimakopoulos, A. Schröer, and N. Nikolettos. 2007. 
Gonadotropin-releasing hormone in the ovary. Reprod. Sci. 14:737–49. 
doi:10.1177/1933719107310707. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/18089592 
98. Miller, W. L. 1988. Molecular biology of steroid hormone synthesis. Endocr. Rev. 
9:295–318. doi:10.1210/edrv-9-3-295. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/3061784 
99. Miller, W. L. 2007. Steroidogenic acute regulatory protein (StAR), a novel 
mitochondrial cholesterol transporter. Biochim. Biophys. Acta - Mol. Cell Biol. 
Lipids. 1771:663–676. doi:10.1016/j.bbalip.2007.02.012. Available from: 
https://pubmed.ncbi.nlm.nih.gov/17433772/ 
100. Moran, C., J. F. Quirke, and J. F. Roche. 1989. Puberty in heifers: A 
Review. Anim. Reprod. Sci. 18:167–182. doi:10.1016/0378-4320(89)90019-5. 
Available from: https://linkinghub.elsevier.com/retrieve/pii/0378432089900195 
101. Mounzih, K., R. Lu, and F. F. Chehab. 1997. Leptin treatment rescues the 
36 
sterility of genetically obese ob/ob males. Endocrinology. 138:1190–3. 
doi:10.1210/endo.138.3.5024. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/9048626 
102. Mullen P., M., D. Cooke J., and M. Crow A. 2013. Structural and 
Functional Roles of FSH and LH as Glycoproteins Regulating Reproduction in 
Mammalian Species. In: Gonadotropin. InTech. Available from: 
http://dx.doi.org/10.5772/48681 
103. Muñoz, J., N. S. Akhavan, A. P. Mullins, and B. H. Arjmandi. 2020. 
Macrophage Polarization and Osteoporosis: A Review. Nutrients. 12:2999. 
doi:10.3390/nu12102999. Available from: https://www.mdpi.com/2072-
6643/12/10/2999 
104. Nafziger, S. R., S. C. Tenley, A. F. Summers, M. A. Abedal-Majed, M. 
Hart, J. W. Bergman, S. G. Kurz, J. S. Davis, J. R. Wood, and A. S. Cupp. 2021. 
Attainment and Maintenance of Pubertal Cyclicity May Predict Reproductive 
Longevity in Beef Heifers†. Biol. Reprod. doi:10.1093/biolre/ioab044. Available 
from: http://www.ncbi.nlm.nih.gov/pubmed/33709137 
105. Nedresky, D., and G. Singh. 2020. Physiology, Luteinizing Hormone. 
StatPearls Publishing. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/30969514 
106. Nelsen, T. C., C. R. Long, and T. C. Cartwright. 1982. Postinflection 
Growth in Straightbred and Crossbred Cattle, II, Relationships among Weight, 
Height and Pubertal Characters. J. Anim. Sci. 55:293–304. 
doi:10.2527/jas1982.552293x. Available from: 
https://academic.oup.com/jas/article/55/2/293-304/4744164 
107. Nikitin, A. I., and O. A. Vorob’eva. 1988. [Factors regulating the 
differentiation of somatic cells of mammalian ovarian follicles]. Tsitologiia. 
30:1155–71. Available from: http://www.ncbi.nlm.nih.gov/pubmed/3149809 
108. Noya, A., B. Serrano‐Pérez, D. Villalba, I. Casasús, E. Molina, I. López‐
Helguera, and A. Sanz. 2019. Effects of maternal subnutrition during early 
pregnancy on cow hematological profiles and offspring physiology and vitality in 
two beef breeds. Anim. Sci. J. 90:857–869. doi:10.1111/asj.13215. Available 
from: https://onlinelibrary.wiley.com/doi/abs/10.1111/asj.13215 
109. Oakley, A. E., D. K. Clifton, and R. A. Steiner. 2009. Kisspeptin signaling 
in the brain. Endocr. Rev. 30:713–43. doi:10.1210/er.2009-0005. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/19770291 
110. Obara, M., M. Szeliga, and J. Albrecht. 2008. Regulation of pH in the 
mammalian central nervous system under normal and pathological conditions: 
Facts and hypotheses. Neurochem. Int. 52:905–919. 
doi:10.1016/j.neuint.2007.10.015. Available from: 
https://linkinghub.elsevier.com/retrieve/pii/S0197018607003026 
111. Palermo, R. 2007. Differential actions of FSH and LH during 
37 
folliculogenesis. Reprod. Biomed. Online. 15:326–337. doi:10.1016/S1472-
6483(10)60347-1. 
112. Pandey, P., O. K. Hooda, and S. Kumar. 2017. Impact of heat stress and 
hypercapnia on physiological, hematological, and behavioral profile of 
Tharparkar and Karan Fries heifers. Vet. world. 10:1146–1155. 
doi:10.14202/vetworld.2017.1146-1155. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/29062208 
113. Patterson, D. J., R. C. Perry, G. H. Kiracofe, R. A. Bellows, R. B. 
Staigmiller, and L. R. Corah. 1992. Management considerations in heifer 
development and puberty. J. Anim. Sci. 70:4018–4035. 
doi:10.2527/1992.70124018x. 
114. Pérez-de-Heredia, F., S. Gómez-Martínez, L.-E. Díaz, A. M. Veses, E. 
Nova, J. Wärnberg, I. Huybrechts, K. Vyncke, O. Androutsos, M. Ferrari, G. 
Palacios, A. Wastlund, É. Kovács, F. Gottrand, M. González-Gross, M. J. 
Castillo, M. Sjöstrom, Y. Manios, A. Kafatos, D. Molnár, K. Widhalm, L. A. 
Moreno, and A. Marcos. 2015. Influence of sex, age, pubertal maturation and 
body mass index on circulating white blood cell counts in healthy European 
adolescents—the HELENA study. Eur. J. Pediatr. 174:999–1014. 
doi:10.1007/s00431-015-2497-5. Available from: 
http://link.springer.com/10.1007/s00431-015-2497-5 
115. Pergialiotis, V., E. Trakakis, C. Parthenis, E. Hatziagelaki, C. Chrelias, N. 
Thomakos, and N. Papantoniou. 2018. Correlation of platelet to lymphocyte and 
neutrophil to lymphocyte ratio with hormonal and metabolic parameters in 
women with PCOS. Horm. Mol. Biol. Clin. Investig. doi:10.1515/hmbci-2017-
0073. Available from: http://www.degruyter.com/view/j/hmbci.ahead-of-
print/hmbci-2017-0073/hmbci-2017-0073.xml 
116. Perry, G. A. 2012. PHYSIOLOGY AND ENDOCRINOLOGY 
SYMPOSIUM: Harnessing basic knowledge of factors controlling puberty to 
improve synchronization of estrus and fertility in heifers1. J. Anim. Sci. 90:1172–
1182. doi:10.2527/jas.2011-4572. Available from: 
https://academic.oup.com/jas/article/90/4/1172-1182/4764465 
117. Perry, G. A. 2016. Factors affecting puberty in replacement beef heifers. 
Theriogenology. 86:373–378. doi:10.1016/j.theriogenology.2016.04.051. 
Available from: https://linkinghub.elsevier.com/retrieve/pii/S0093691X16300905 
118. Perry, G. A., M. F. Smith, A. J. Roberts, M. D. MacNeil, and T. W. Geary. 
2007. Relationship between size of the ovulatory follicle and pregnancy success 
in beef heifers1. J. Anim. Sci. 85:684–689. doi:10.2527/jas.2006-519. Available 
from: https://academic.oup.com/jas/article/85/3/684/4778167 
119. Pinilla, L., E. Aguilar, C. Dieguez, R. P. Millar, and M. Tena-Sempere. 
2012. Kisspeptins and Reproduction: Physiological Roles and Regulatory 
Mechanisms. Physiol. Rev. 92:1235–1316. doi:10.1152/physrev.00037.2010. 
Available from: https://www.physiology.org/doi/10.1152/physrev.00037.2010 
38 
120. Pittman, R. N. 2011. Regulation of Tissue Oxygenation. 2nd ed. (N. D. 
Granger and J. P. Granger, editors.). Morgan & Claypool Life Sciences, San 
Rafael. 
121. Pluncevic Gligoroska, J., S. Gontarev, B. Dejanova, L. Todorovska, D. 
Shukova Stojmanova, and S. Manchevska. 2019. Red Blood Cell Variables in 
Children and Adolescents regarding the Age and Sex. Iran. J. Public Health. 
48:704–712. Available from: http://www.ncbi.nlm.nih.gov/pubmed/31110981 
122. Rajakoski, E. 1960. The ovarian follicular system in sexually mature 
heifers with special reference to seasonal, cyclical, end left-right variations. Acta 
Endocrinol. Suppl. (Copenh). 34(Suppl 5:1–68. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/14435925 
123. Ravin, K. A., and M. Loy. 2015. The eosinophil in infection. Clin. Rev. 
Allergy Immunol. 50:214–227. doi:10.1007/s12016-015-8525-4. Available from: 
https://pubmed.ncbi.nlm.nih.gov/26690368/ 
124. Richards, J. S. 1994. Hormonal Control of Gene Expression in the Ovary. 
Endocr. Rev. 15:725–751. doi:10.1210/edrv-15-6-725. Available from: 
https://academic.oup.com/edrv/article-lookup/doi/10.1210/edrv-15-6-725 
125. Riddle, J. M., and M. I. Barnhart. 1965. The Eosinophil as a Source for 
Profibrinolysin in Acute Inflammation. Blood. 25:776–794. 
doi:10.1182/blood.V25.5.776.776. Available from: 
https://ashpublications.org/blood/article/25/5/776/37891/The-Eosinophil-as-a-
Source-for-Profibrinolysin-in 
126. Rispoli, L. A., and T. M. Nett. 2005. Pituitary gonadotropin-releasing 
hormone (GnRH) receptor: Structure, distribution and regulation of expression. 
Anim. Reprod. Sci. 88:57–74. doi:10.1016/j.anireprosci.2005.05.004. 
127. Roa, J., E. Vigo, D. García-Galiano, J. M. Castellano, V. M. Navarro, R. 
Pineda, C. Diéguez, E. Aguilar, L. Pinilla, and M. Tena-Sempere. 2008. 
Desensitization of gonadotropin responses to kisspeptin in the female rat: analyses 
of LH and FSH secretion at different developmental and metabolic states. Am. J. 
Physiol. Metab. 294:E1088–E1096. doi:10.1152/ajpendo.90240.2008. Available 
from: https://www.physiology.org/doi/10.1152/ajpendo.90240.2008 
128. Roberson, M. S., M. W. Wolfe, T. T. Stumpf, L. A. Werth, A. S. Cupp, N. 
Kohima, P. L. Wolfe, R. J. Kittok, and J. E. Kinder. 1991. Influence of Growth 
Rate and Exposure to Bulls on Age at Puberty in Beef Heifers. 2092–2098. 
doi:69:2092-2098. 
129. Rothenberg, E. V. 2011. T Cell Lineage Commitment: Identity and 
Renunciation. J. Immunol. 186:6649–6655. doi:10.4049/jimmunol.1003703. 
Available from: https://pubmed.ncbi.nlm.nih.gov/21646301/ 
130. Sanchez Jimenez, J. G., and O. De Jesus. 2021. Hypothalamic 
Dysfunction. 
39 
131. Sarkar, D. K., S. A. Chiappa, G. Fink, and N. M. Sherwood. 1976. 
Gonadotropin-releasing hormone surge in pro-oestrous rats. Nature. 264:461–3. 
doi:10.1038/264461a0. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/794737 
132. Schillo, K. K., P. J. Hansen, L. A. Kamwanja, D. J. Dierschke, and E. R. 
Hauser. 1983. Influence of Season on Sexual Development in Heifers: Age at 
Puberty as Related to Growth and Serum Concentrations of Gonadotropins, 
Prolactin, Thyroxine, and Progesterone. Biol. Reprod. 28:329–341. 
133. Seita, J., and I. L. Weissman. 2010. Hematopoietic stem cell: self-renewal 
versus differentiation. Wiley Interdiscip. Rev. Syst. Biol. Med. 2:640–653. 
doi:10.1002/wsbm.86. Available from: http://doi.wiley.com/10.1002/wsbm.86 
134. Selby, C. 1990. Sex hormone binding globulin: Origin, function and 
clinical significance. Ann. Clin. Biochem. 27:532–541. 
doi:10.1177/000456329002700603. Available from: 
https://pubmed.ncbi.nlm.nih.gov/2080856/ 
135. Seminara, S. B., S. Messager, E. E. Chatzidaki, R. R. Thresher, J. S. 
Acierno, J. K. Shagoury, Y. Bo-Abbas, W. Kuohung, K. M. Schwinof, A. G. 
Hendrick, D. Zahn, J. Dixon, U. B. Kaiser, S. A. Slaugenhaupt, J. F. Gusella, S. 
O’Rahilly, M. B. L. Carlton, W. F. Crowley, S. A. J. R. Aparicio, and W. H. 
Colledge. 2003. The GPR54 gene as a regulator of puberty. N. Engl. J. Med. 
349:1614–27. doi:10.1056/NEJMoa035322. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/14573733 
136. Shames, R. S. 2002. Gender differences in the development and function 
of the immune system. J. Adolesc. Heal. 30:59–70. doi:10.1016/S1054-
139X(01)00382-2. Available from: 
https://linkinghub.elsevier.com/retrieve/pii/S1054139X01003822 
137. Shimizu, T., A. Kaji, C. Murayama, F. Magata, K. Shirasuna, K. 
Wakamiya, K. Okuda, and A. Miyamoto. 2012. Effects of interleukin-8 on 
estradiol and progesterone production by bovine granulosa cells from large 
follicles and progesterone production by luteinizing granulosa cells in culture. 
Cytokine. 57:175–181. doi:10.1016/j.cyto.2011.11.007. Available from: 
https://pubmed.ncbi.nlm.nih.gov/22129622/ 
138. Short, R. E., and R. A. Bellows. 1971. Relationships among Weight Gains, 
Age at Puberty and Reproductive Performance in Heifers. J. Anim. Sci. 32:127–
131. doi:10.2527/jas1971.321127x. Available from: 
https://academic.oup.com/jas/article/32/1/127-131/4666521 
139. Siracusa, M. C., B. S. Kim, J. M. Spergel, and D. Artis. 2013. Basophils 
and allergic inflammation. J. Allergy Clin. Immunol. 132:789–801. 
doi:10.1016/j.jaci.2013.07.046. Available from: 
https://pubmed.ncbi.nlm.nih.gov/24075190/ 
140. Sirois, J., and J. E. Fortune. 1988. Ovarian follicular dynamics during the 
40 
estrous cycle in heifers monitored by real-time ultrasonography. Biol. Reprod. 
39:308–17. doi:10.1095/biolreprod39.2.308. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/3052602 
141. Smith, M. F., E. W. McIntush, and G. W. Smith. 1994. Mechanisms 
associated with corpus luteum development. J. Anim. Sci. 72:1857–1872. 
doi:10.2527/1994.7271857x. Available from: 
https://academic.oup.com/jas/article/72/7/1857-1872/4632685 
142. Snider, A. P., and J. R. Wood. 2019. Obesity induces ovarian 
inflammation and reduces oocyte quality. Reproduction. 158:R79–R90. 
doi:10.1530/REP-18-0583. Available from: 
https://pubmed.ncbi.nlm.nih.gov/30999278/ 
143. Solak, Y., M. I. Yilmaz, M. Saglam, S. Demirbas, S. Verim, H. U. Unal, 
A. Gaipov, Y. Oguz, M. Kayrak, K. Caglar, A. Vural, S. Turk, A. Covic, and M. 
Kanbay. 2013. Mean corpuscular volume is associated with endothelial 
dysfunction and predicts composite cardiovascular events in patients with chronic 
kidney disease. Nephrology. 18:728–735. doi:10.1111/nep.12130. Available 
from: http://doi.wiley.com/10.1111/nep.12130 
144. Stassi, A. F., M. E. Baravalle, E. M. Belotti, F. Rey, N. C. Gareis, P. U. 
Díaz, F. M. Rodríguez, C. J. Leiva, H. H. Ortega, and N. R. Salvetti. 2017. 
Altered expression of cytokines IL-1α, IL-6, IL-8 and TNF-α in bovine follicular 
persistence. Theriogenology. 97:104–112. 
doi:10.1016/j.theriogenology.2017.04.033. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/28583593 
145. Stassi, A. F., N. C. Gareis, B. E. Marelli, V. Matiller, C. J. M. Leiva, F. 
Rey, H. H. Ortega, N. R. Salvetti, and M. E. Baravalle. 2019. Follicular structures 
of cows with cystic ovarian disease present altered expression of cytokines. 
Zygote. 27:285–298. doi:10.1017/S0967199419000285. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/31412964 
146. Stock, A. E., and J. E. Fortune. 1993. Ovarian follicular dominance in 
cattle: relationship between prolonged growth of the ovulatory follicle and 
endocrine parameters. Endocrinology. 132:1108–14. 
doi:10.1210/endo.132.3.8440173. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/8440173 
147. Stoker, T. E., S. C. Laws, D. L. Guidici, and R. L. Cooper. 2000. The 
Effect of Atrazine on Puberty in Male Wistar Rats: An Evaluation in the Protocol 
for the Assessment of Pubertal Development and Thyroid Function. Toxicol. Sci. 
58:50–59. doi:10.1093/toxsci/58.1.50. Available from: 
https://academic.oup.com/toxsci/article-lookup/doi/10.1093/toxsci/58.1.50 
148. Stone, K. D., C. Prussin, and D. D. Metcalfe. 2010. IgE, mast cells, 
basophils, and eosinophils. J. Allergy Clin. Immunol. 125. 
doi:10.1016/j.jaci.2009.11.017. Available from: 
https://pubmed.ncbi.nlm.nih.gov/20176269/ 
41 
149. Strauss, J. F., and C. J. Williams. 2019. Ovarian Life Cycle. In: Yen and 
Jaffe’s Reproductive Endocrinology. 9th ed. Elsevier. p. 167-205. Available from: 
https://linkinghub.elsevier.com/retrieve/pii/B9780323479127000081 
150. Strobel, A., T. Issad, L. Camoin, M. Ozata, and A. D. Strosberg. 1998. A 
leptin missense mutation associated with hypogonadism and morbid obesity. Nat. 
Genet. 18:213–5. doi:10.1038/ng0398-213. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/9500540 
151. Takase, K., Y. Uenoyama, N. Inoue, H. Matsui, S. Yamada, M. Shimizu, 
T. Homma, J. Tomikawa, S. Kanda, H. Matsumoto, Y. Oka, H. Tsukamura, and 
K.-I. Maeda. 2009. Possible Role of Oestrogen in Pubertal Increase of 
Kiss1/Kisspeptin Expression in Discrete Hypothalamic Areas of Female Rats. J. 
Neuroendocrinol. 21:527–537. doi:10.1111/j.1365-2826.2009.01868.x. Available 
from: http://doi.wiley.com/10.1111/j.1365-2826.2009.01868.x 
152. Takiwaki, H., M. Mochizuki, and K. Niizeki. 1983. Relationship between 
hematocrit and CO2 contents in whole blood and true plasma. Jpn. J. Physiol. 
33:567–578. doi:10.2170/jjphysiol.33.567. Available from: 
http://joi.jlc.jst.go.jp/JST.Journalarchive/jjphysiol1950/33.567?from=CrossRef 
153. Taylor, C., and R. Rajamahendran. 1991. Follicular dynamics and corpus 
luteum growth and function in pregnant versus nonpregnant cows. J. Dairy Sci. 
74:115–23. doi:10.3168/jds.s0022-0302(91)78151-4. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/2030166 
154. Teng, T. S., A. L. Ji, X. Y. Ji, and Y. Z. Li. 2017. Neutrophils and 
immunity: From bactericidal action to being conquered. J. Immunol. Res. 2017. 
doi:10.1155/2017/9671604. Available from: 
https://pubmed.ncbi.nlm.nih.gov/28299345/ 
155. Terasawa, E., K. A. Guerriero, and T. M. Plant. 2013. Kisspeptin and 
Puberty in Mammals. In: A. Kauffman and J. Smith, editors. Advances in 
Experimental Medicine and Biology. Springer, New York. p. 253–273. Available 
from: http://link.springer.com/10.1007/978-1-4614-6199-9_12 
156. Thomsen, K., B. Riis, S. Krabbe, and C. Christiansen. 1986. Testosterone 
Regulates the Haemoglobin Concentration in Male Puberty. Acta Paediatr. 
75:793–796. doi:10.1111/j.1651-2227.1986.tb10292.x. Available from: 
http://doi.wiley.com/10.1111/j.1651-2227.1986.tb10292.x 
157. Timmons, B. W., M. A. Tarnopolsky, D. P. Snider, and O. Bar-Or. 2006. 
Immunological changes in response to exercise: influence of age, puberty, and 
gender. Med. Sci. Sports Exerc. 38:293–304. 
doi:10.1249/01.mss.0000183479.90501.a0. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/16531898 
158. Tola, E. N. 2018. The association between in vitro fertilization outcome 
and the inflammatory markers of complete blood count among nonobese 
unexplained infertile couples. Taiwan. J. Obstet. Gynecol. 57:289–294. 
42 
doi:10.1016/j.tjog.2018.02.019. Available from: 
https://linkinghub.elsevier.com/retrieve/pii/S1028455918300378 
159. Unsal, E. 2005. Potential role of interleukin 6 in reactive thrombocytosis 
and acute phase response in pulmonary tuberculosis. Postgrad. Med. J. 81:604–
607. doi:10.1136/pgmj.2004.030544. Available from: 
https://pmj.bmj.com/lookup/doi/10.1136/pgmj.2004.030544 
160. Vasantha, S., and S. Kona. 2016. Physiology of puberty in females: A 





161. Volk, M. J., T. R. Krause, R. S. Stokes, F. A. Ireland, and D. W. Shike. 
2019. Effects of extended-release eprinomectin on fescue toxicosis, performance, 
and reproduction on fall-calving beef cows. Transl. Anim. Sci. 3:1423–1434. 
doi:10.1093/tas/txz093. Available from: 
https://academic.oup.com/tas/article/3/4/1423/5514548 
162. Wang, L., W. Chadwick, S.-S. Park, Y. Zhou, N. Silver, B. Martin, and S. 
Maudsley. 2012. Gonadotropin-Releasing Hormone Receptor System: 
Modulatory Role in Aging and Neurodegeneration. CNS Neurol. Disord. - Drug 
Targets. 9:651–660. doi:10.2174/187152710793361559. Available from: 
https://pubmed.ncbi.nlm.nih.gov/20632963/ 
163. Wang, R.-T., Y. Li, X.-Y. Zhu, and Y. Zhang. 2011. Increased mean 
platelet volume is associated with arterial stiffness. Platelets. 22:447–451. 
doi:10.3109/09537104.2011.565431. Available from: 
http://www.tandfonline.com/doi/full/10.3109/09537104.2011.565431 
164. Weiss, G., L. T. Goldsmith, R. N. Taylor, D. Bellet, and H. S. Taylor. 
2009. Inflammation in reproductive disorders. In: Reproductive Sciences. Vol. 16. 
Reprod Sci. p. 216–229. Available from: 
https://pubmed.ncbi.nlm.nih.gov/19208790/ 
165. Wiltbank, J. N., S. Roberts, J. Nix, and L. Rowden. 1985. Reproductive 
Performance and Profitability of Heifers Fed to Weigh 272 or 318 kg at the Start 
of The First Breeding Season. J. Anim. Sci. 60:25–34. 
doi:10.2527/jas1985.60125x. Available from: 
https://academic.oup.com/jas/article/60/1/25-34/4665530 
166. Woods, N.-B., A. S. Parker, R. Moraghebi, M. K. Lutz, A. L. Firth, K. J. 
Brennand, W. T. Berggren, A. Raya, J. C. I. Belmonte, F. H. Gage, and I. M. 
Verma. 2011. Brief Report: Efficient Generation of Hematopoietic Precursors and 
Progenitors from Human Pluripotent Stem Cell Lines. Stem Cells. 29:1158–1164. 
doi:10.1002/stem.657. Available from: http://doi.wiley.com/10.1002/stem.657 
167. Yahfoufi, N., C. Matar, and N. Ismail. 2020. Adolescence and Aging: 
43 
Impact of Adolescence Inflammatory Stress and Microbiota Alterations on Brain 
Development, Aging, and Neurodegeneration. M. Masternak, editor. Journals 
Gerontol. Ser. A. 75:1251–1257. doi:10.1093/gerona/glaa006. Available from: 
https://academic.oup.com/biomedgerontology/article/75/7/1251/5699638 
168. Yang, J., L. Zhang, C. Yu, X. F. Yang, and H. Wang. 2014. Monocyte and 
macrophage differentiation: Circulation inflammatory monocyte as biomarker for 
inflammatory diseases. Biomark. Res. 2. doi:10.1186/2050-7771-2-1. Available 
from: https://pubmed.ncbi.nlm.nih.gov/24398220/ 
169. Ye, G.-L., Q. Chen, X. Chen, Y.-Y. Liu, T.-T. Yin, Q.-H. Meng, Y.-C. 
Liu, H.-Q. Wei, and Q.-H. Zhou. 2019. The prognostic role of platelet-to-
lymphocyte ratio in patients with acute heart failure: A cohort study. Sci. Rep. 
9:10639. doi:10.1038/s41598-019-47143-2. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/31337846 
170. Yilmaz, A., F. Malya, G. Ozturk, B. Citgez, Y. Ozdenkaya, C. Ersavas, A. 
Agan, H. Senturk, and O. Karatepe. 2014. Effect of pre-operative red blood cell 
distribution on cancer stage and morbidity rate in patients with pancreatic cancer. 
Int. J. Clin. Exp. Med. 7:3072–5. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/25356183 
171. Young, J. M., and A. S. McNeilly. 2010. Theca: the forgotten cell of the 
ovarian follicle. REPRODUCTION. 140:489–504. doi:10.1530/REP-10-0094. 
Available from: https://rep.bioscientifica.com/view/journals/rep/140/4/489.xml 
172. Yu, C., A. B. Cantor, H. Yang, C. Browne, R. A. Wells, Y. Fujiwara, and 
S. H. Orkin. 2002. Targeted deletion of a high-affinity GATA-binding site in the 
GATA-1 promoter leads to selective loss of the eosinophil lineage in vivo. J. Exp. 
Med. 195:1387–1395. doi:10.1084/jem.20020656. Available from: 
https://pubmed.ncbi.nlm.nih.gov/12045237/ 
173. Zareifar, S., M. R. Farahmand Far, F. Golfeshan, and N. Cohan. 2014. 
Changes in Platelet Count and Mean Platelet Volume During Infectious and 
Inflammatory Disease and Their Correlation With ESR and CRP. J. Clin. Lab. 
Anal. 28:245–248. doi:10.1002/jcla.21673. Available from: 
http://doi.wiley.com/10.1002/jcla.21673 
174. Zhang, J. M., and J. An. 2007. Cytokines, inflammation, and pain. Int. 
Anesthesiol. Clin. 45:27–37. doi:10.1097/AIA.0b013e318034194e. Available 
from: https://pubmed.ncbi.nlm.nih.gov/17426506/ 
175. Zieba, D. A., M. Amstalden, and G. L. Williams. 2005. Regulatory roles 
of leptin in reproduction and metabolism: A comparative review. Domest. Anim. 
Endocrinol. 29:166–185. doi:10.1016/j.domaniend.2005.02.019. Available from: 
https://linkinghub.elsevier.com/retrieve/pii/S0739724005000548 
176. Zimmermann, N., B. L. Daugherty, J. L. Kavanaugh, F. Y. El-Awar, E. A. 
Moulton, and M. E. Rothenberg. 2000. Analysis of the CC chemokine receptor 3 
gene reveals a complex 5’ exon organization, a functional role for untranslated 
44 
exon 1, and a broadly active promoter with eosinophil-selective elements. Blood. 
96:2346–2354. 
177. Zinicola, M., P. R. Menta, B. L. Ribeiro, Y. Boisclair, and R. C. Bicalho. 
2019. Effects of recombinant bovine interleukin-8 (rbIL-8) treatment on health, 
metabolism, and lactation performance in Holstein cattle III: Administration of 
rbIL-8 induces insulin resistance in bull calves. J. Dairy Sci. 102:10329–10339. 
doi:10.3168/jds.2019-16336. Available from: 
https://linkinghub.elsevier.com/retrieve/pii/S0022030219307763 
178. Zlotoff, D. A., and A. Bhandoola. 2011. Hematopoietic progenitor 
migration to the adult thymus. Ann. N. Y. Acad. Sci. 1217:122–138. 





















CHAPTER II: CHANGES IN WHOLE BLOOD PARAMETERS IN BEEF 
HEIFERS MAY CONTRIBUTE TO DELAYED PUBERAL ATTAINMENT 
 
ABSTRACT 
Pubertal development in beef heifers can be affected by many factors. Previously in our 
lab, we identified four distinct pubertal groups: Typical, Early, Start-Stop, and Non-
Cycling through progesterone profiling during the peripubertal period. Our next step was 
to determine factors contributing to these pubertal classifications. While limited research 
is available in cattle, whole blood parameters such as hematocrit, white blood cells (WBC) 
and hemoglobin concentrations do change in girls during pubertal onset. Thus, our 
hypothesis was that heifers with altered pubertal attainment would have correlated 
differences in whole blood cell parameters that may contribute to their precocious or 
delayed puberty. Weekly blood samples were collected during the pre and peripubertal 
period on 2019 born heifers to obtain progesterone profiles for pubertal classifications. 
From collections, 62 heifers were classified as Typical, 17 as Early, 11 as Start-Stop, and 
22 as Non-Cycling. Monthly blood samples were analyzed with a HemaTrue ® Veterinary 
Hematology Analyzer to determine whole blood parameters and blood smears were used 
to count specific WBC populations. Early heifers tended to have reduced granulocytes 
(p=0.07) compared to Typical (controls). Early and Start-Stop heifers that initiate puberty 
earlier had greater hematocrit (p=0.04) compared to Non-Cycling heifers that have delayed 
pubertal attainment. Hemoglobin concentrations (p=0.03) were greater for Early and Start-
Stop heifers compared to Non-Cycling heifers. Additionally, red blood cell (RBC) 
distribution width to platelet ratio tended to be greater in Early compared to Typical and 
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Non-Cycling heifers (p=0.07). However, blood smears revealed no differences for numbers 
of granulocytes or agranulocytes among pubertal groups. All parameters changed over the 
collection as age increased in all groups suggesting that maturity had effects on these 
hematological parameters. Hematological factors such as reduced granulocytes, increased 
hematocrit, and red blood cell width per platelet number may promote increased growth 
and development to allow for the initiation of puberty earlier. Furthermore, reductions in 
hemoglobin concentrations or functionality may delay pubertal attainment as we observed 
in the Non-Cycling heifers. Further investigation into these hematological factors will 
provide linkages between reduced granulocytes, RBC production/destruction, altered 




 Over the past few decades, sexually dimorphic differences between innate and 
adaptive immune responses have been investigated in human and animal models 
(Pluncevic Gligoroska et al., 2019). Generally, women have been shown to have stronger 
innate and adaptive immune responses when compared to men (Klein and Flanagan, 2016; 
Laffont et al., 2017). This factor is crucial in understanding how diseases and infections 
are combatted differently between sexes (McDonald et al., 2016) and potentially if 
different puberty events (estrogen-centric vs androgen-centric) may cause these altered 
response. Hematological and immunological parameters are widely used as an evaluative 
tool to assist in diagnosis and treatment of diseases (Pérez-de-Heredia et al., 2015; Kone et 
al., 2017; Herman et al., 2018). Several of these parameters include white blood cell (WBC) 
counts of granulocyte and agranulocytes, red blood cell (RBC) counts and associated 
factors such as hemoglobin (HGB) concentrations, hematocrit (HCT) levels, and analysis 
of platelet (PLT) counts and concentrations. It has been previously noted that a shift in 
these hematological and immunological parameters occur during the peripubertal period in 
girls and boys and may contribute to alterations in timing of attainment of puberty 
(Timmons et al., 2006; Pluncevic Gligoroska et al., 2019).   
Puberty is a critical developmental period that establishes the capacity for females 
to conceive and produce offspring. Initiation of regular cyclicity is essential for 
reproductive success (Perry, 2016). Hormonal changes occur during puberty to establish 
molecular, physiological, and anatomical differences particularly in regards to the immune 
response, but it is unclear if differences in immunological parameters can contribute to 
timing of pubertal attainment (Lamason et al., 2006; Pluncevic Gligoroska et al., 2019). 
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While some of this information on immunological parameter has been illustrated in 
humans, less than 10% of immunology articles account for sex in experimental models and 
even less information is available on cattle during the period of pubertal development 
(Beery and Zucker, 2011). After an evaluation of the current literature, there is a large 
discrepancy in information investigating hematological and immunological parameters 
during the peripubertal period in beef heifers (Klein and Flanagan, 2016). From previous 
research, we have determined that heifers in our herd achieve puberty differently and have 
developed pubertal classifications to reflect these differences: Typical, Early, Start-Stop 
and Non-Cycling. Our next step was to determine what factors may cause these changes in 
timing of puberty and if whole blood parameters collected during the pubertal period 
contributed to differences in pubertal classification. Thus, in the current study, we collected 
immunological and hematological cell populations in whole blood of heifers from weaning 
to breeding to determine if any parameters correlated with pubertal classification that may 
impact pubertal attainment which in turn would impact reproductive success and longevity.  
MATERIALS AND METHODS 
Ethics 
The University of Nebraska-Lincoln Institutional Animal Care and Use Committee 
approved all procedures and facilities used in this experiment. 
Animals 
 The physiology herd at the University of Nebraska-Lincoln are maintained at the 
Eastern Nebraska Research and Extension Center (ENREC) in Mead, NE. 112 beef heifers 
born around March of 2019 were utilized for this study. These heifers are a composite 
breed comprised of ¾ Red Angus and ¼ Simmental. Heifers are maintained with dams 
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until weaning in mid-October at approximately 6-7 months of age where they are separated 
to additional pasture space at ENREC. 
Blood Sample Collection 
 Weekly blood samples were collected 1 week before weaning in October (pre-
weaning sample) to the week before breeding in May (Figure 2-1). Samples were obtained 
using coccygeal venipuncture into glass vacutainer blood collection tubes (Becton, 
Dickinson and Company, Franklin Lakes, NJ) containing 12 mg EDTA and placed on ice 
for transportation. Blood samples were centrifuged at 700 g for 30 minutes at 4° C within 
6 hours of collection (Nafziger et al., 2021). Plasma samples were aliquoted and stored in 
1.5 ml tubes (Reference: MCT-150-L-C, Corning Incorporated, Corning, NY) at -20° C 
until hormonal analysis. 
Progesterone Radioimmunoassay 
 Plasma samples were processed utilizing a radioimmunoassay (RIA) to detect 
progesterone (P4) concentration (Nafziger et al., 2021). Each sample was run in duplicate 
and averaged to determine P4 concentration for that sample. Samples with a coefficient of 
variation (CV) greater than 15% were re-analyzed. Progesterone concentrations were 
determined using the ImmuChemTM Coated Tube Progesterone 125I RIA kit (ICN 
Pharmaceuticals, Inc., Costa Mesa, CA; intra-assay CV= 5.64%, inter-assay CV=7.43%) 
Puberty Group Classification 
 Progesterone concentrations were utilized to classify pubertal attainment in heifers 
as published (Nafziger et al., 2021). Briefly, heifers are considered pubertal when P4 ≥ 1 
ng/ml and there is continuous cyclicity. Continuous cyclicity was determined to be when 
P4 samples ≥ 1 ng/ml are greater 50% of the sampling period on and after the initial 
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pubertal date. In contrast, heifers that have samples less than 50% of samples where P4 
samples ≥ 1 ng/ml during the sampling period after the puberty date are considered to have 
discontinuous cyclicity. The four pubertal classifications (Nafziger et al., 2021) identified 
were: 1) Early – initial P4 ≥ 1 ng/ml before March 12 with continuous cyclicity; 2) Typical 
– initial P4 ≥ 1 ng/ml after March 12 with continuous cyclicity. March 12th was used to 
distinguish Early and Typical pubertal groups because it marked the 25th percentile for 
puberty date in historical UNL physiology herd data; 3) Start-Stop – had an initial P4 ≥ 1 
ng/ml but discontinuous cyclicity; 4) Non-Cycling – had no P4 ≥ 1 ng/ml during the 
sampling period. A SAS program developed to identify pubertal classification (Nafziger et 
al., 2021) was used with the criteria above.  
White Blood Cell and Whole Blood Analysis 
HemaTrue 
Whole blood parameters were calculated using a HemaTrue® Veterinary Hematology 
Analyzer and corresponding reagents (Heska, Loveland, Colorado) (Zinicola et al., 2019). 
Approximately 20 μl was taken from each weekly blood sample to run the analyses prior 
to centrifugation to obtain plasma for P4 evaluation. Parameters analyzed include total 
white blood cell count (WBC), lymphocyte concentration in absolute number and 
percentage (LYM), monocyte concentration in absolute number and percentage (MONO), 
granulocyte concentration in absolute number and percentage (GRAN), hematocrit (HCT), 
Mean Cell Volume of RBCs (MCV), Red Cell Distribution Width in absolute number and 
percentage (RDW), RBC size distribution histogram Hemoglobin Concentration (HGB), 
Mean Cell Hemoglobin Concentration (MCHC), Mean Cell Hemoglobin (MCH), Total 
Red Blood Cell Count (RBC), Total Platelet Count (PLT), Mean Platelet Volume (MPV), 
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and PLT size distribution histogram. Additionally, PLT to LYM and RDW to PLT ratios 
were compared to better understand what is occurring within and between the pubertal 
groups.  
 Analysis of whole blood with the HemaTrue® occurred monthly from weaning 
(October) to breeding (May) with an additional collection taken two weeks after weaning 
(Figure 2-1). This sample was taken in case the weaning caused stress. It has been shown 
that stress can cause progesterone secretion from the adrenal gland in women, rats, and 
cattle (Bova et al., 2014; Herrera et al., 2016; Fernandez-Novo et al., 2020). 
Blood Smears 
 To better examine and identify white blood cell populations during the pubertal 
development period, periodical timepoints were selected to evaluate blood smears and stain 
to allow for identification of different white blood cells through morphology in each 
sample. Four of the monthly HemaTrue® collections (October, December, February, and 
April) were selected to conduct a blood smear analysis. Seven μl of whole blood were 
placed on microscope slides (Catalog No: 12-550-01, Fisher Scientific Company LLC, 
Atlanta, GA) prior to centrifugation (Figure 2-1). Using a second slide, blood was smeared 
to thinly coat the slide. This process was repeated with each sample for a total of two slides 
per animal/collection. Slides were then allowed at least 24 hours to dry. Once fully dried, 
slides were subjected to a Differential Quick Stain (Catalog No: 26096-25, Electron 
Microscopy Sciences, Hatfield, PA) following an established procedure accompanying the 
stain. After adding stain, the slides dried for an additional 24 hours. Once dried, all samples 
were counted for white blood cell populations by a minimum of two technicians. Each 
individual technician averaged their counts between the two slides collected for an 
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individual animal for each collection. Neutrophils are identified by dark granules 
surrounded by a clear cytoplasm. Eosinophils are discerned by a pink, acidic dye that binds 
to the cytoplasm with the addition of granules present. Basophils are distinguished by 
granules present on the exterior of the cell. Additionally, purple, basic dye adheres to the 
cytoplasm to generate a purple/pink appearance. The presence of two cytoplasmic 
membranes is the distinguishing feature for lymphocytes. Monocytes are the largest of the 
agranulocyte and granulocyte white blood cells. They have a distinct abnormal shaped cell 
with no granules or secondary cell wall present.  
Statistical Analysis 
 Data analyses were conducted using SAS v9.4. Mean ± standard error of the mean 
(SEM) are utilized for all data presented. All analyses illustrated significance when 
P ≤ 0.05 and a tendency when P ≤ 0.10 and > 0.05. Blood smears and HemaTrue® 
parameters were analyzed with a repeated measure using the GLIMMIX procedure in SAS. 
Parameters were compared by pubertal group, date collection, and date collection*pubertal 
group (Figures 3-16 A, C, and D). The correlation of weight on the respective HemaTrue® 
variable was compared to linear, quadratic, and cubic polynomials to best illustrate the 
relationship between these parameters. If a polynomial was not significant (P ≤ 0.05), it 
was removed from the final code (Figures 3-16 B). 
RESULTS 
HemaTrue® 
Total White Blood Cell Count 
 Total white blood cell count was measured to indicate inflammation or infection in 
particular pubertal groups. However, there were no differences in total while blood cell 
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count in pubertal classifications (Figure 2-3A). Repeated measures analysis of white blood 
cell count over the collection period did demonstrate that total WBC count declined from 
weaning to breeding over all heifers (Figure 2-3C). Changes in weight of heifers had no 
effect on this parameter (Figure 2-3B).  
Lymphocyte, Monocyte, and Granulocyte 
 Lymphocyte, monocyte, and granulocyte counts can be indicative of the overall 
health, reproductive and metabolic status, and adaptability to environmental stress of the 
animal (Latimer, 2011; Pandey et al., 2017; Noya et al., 2019). Lymphocyte and monocyte 
populations were not different between pubertal groups (Figure 2-4A and 2-5A), and both 
types of cells were decreased over the collection period (Figure 2-4C and 2-5C). 
Granulocyte populations tended to be different between pubertal groups with Early having 
reduced amounts compared to Typical heifers (Figure 2-6A). Interestingly, even though 
granulocyte populations were different over the collection period, there was not a distinct 
trend over the collection time (Figure 2-6C). For Lymphocyte, monocyte, and granulocyte 
cell numbers, changes in weight of heifers did not affect cell numbers (Figures 2-4B, 2-5B, 
and 2-6B). 
Mean Cell Volume of RBC and Red Cell Distribution Width  
 Elevated mean cell volume of red blood cell (MCV) has been associated with 
anemia, liver disease, alcohol use, hematologic disease, hypothyroidism, and malignancy 
in adult humans (Solak et al., 2013). There was no difference in MCV between puberty 
groups (Figure 2-7A). However, mean cell volume of RBC was different with a distinct 
increase over time (Figure 2-7C). Additionally, weight tended to have a positive, linear 
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relationship with MCV (Figure 2-7B) indicating that as heifers increased in weight there 
was an increase in MCV.  
Red cell distribution width (RDW) is the measurement of heterogeneity of red 
blood cells and has been  positively correlated to cardiovascular disease, neurovascular 
complications, sepsis, and hepatitis as well as inflammation in adults (Yilmaz et al., 2014). 
In the current study, the RDW was not different between pubertal groups or influenced by 
weight during the pubertal period (Figure 2-8A and 2-8B). However, the repeated measures 
analysis over all heifers demonstrated an overall increase from weaning to breeding (Figure 
2-8C).  
Hematocrit and Total Red Blood Cell Count 
Hematocrit is an evaluation of the volume of red blood cells compared to the total 
blood volume and can be used to evaluate anemia in patients (Billett, 1990). Hematocrit 
was different between groups with Early and Start-Stop heifers greater than Non-Cycling 
heifers (Figure 2-9A). Additionally, hematocrit over all heifers significantly declined over 
the collection period (Figure 2-9C). Weight had a linear interaction with hematocrit. As 
weight increased, hematocrit increased in value (Figure 2-9B). Total RBC count was also 
not different between pubertal groups nor had an interaction with heifer weight (Figure 2-
10A and 2-10B). Total RBC count decreased over the collection period (Figure 2-10C). 
Hemoglobin Concentration and Mean Cell Hemoglobin Concentration 
 Hemoglobin concentration was significantly different between pubertal groups 
with Typical, Early, and Start-Stop heifers having greater concentrations compared to Non-
Cycling heifers (Figure 2-11A). Weight also had a linear relationship where, as weight 
increased, hemoglobin concentrations increased (Figure 2-11B). Additionally, hemoglobin 
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concentration decreased over the collection period (Figure 2-11C). When pubertal groups 
were compared to collection period there were no differences (Figure 2-11D).  
Mean cell hemoglobin concentration was not different between pubertal groups and 
increasing weight for the heifers did not affect this parameter (Figure 2-12A and 2-12B). 
Over time hemoglobin concentration was different (Figure 2-12C).  
Total Platelet Count and Mean Platelet Volume 
 Total platelet count and mean platelet volume have been used as tools to diagnose 
vascular diseases and infectious and inflammatory processes in adult humans (Biljak et al., 
2011; Wang et al., 2011). Total platelet count was not different between pubertal groups 
(Figure 2-13A) but decreased over the collection period (Figure 2-13C). Additionally, 
heifer weight tended to have a positive, linear interaction with total platelet count (Figure 
2-13B). Mean platelet volume was also not different between pubertal groups (Figure 2-
14A). Heifer weight had no effect on mean platelet volume (Figure 2-14B), which declined 
over the collection period (2-14C).  
Platelet to Lymphocyte Ratio and Red Cell Distribution Width to Platelet Ratio (RDW) 
 Two additional parameters were compared and analyzed to better understand what 
is occurring between our puberty groups. Total platelet count was compared to lymphocyte 
populations to generate a platelet to lymphocyte ratio (PLR). PLR has become a novel 
inflammatory marker that has helped predict several human diseases primarily, 
cardiovascular disease. Elevated PLR is associated more frequently with disease detection 
(Ye et al., 2019). From this analysis, there were no differences detected between pubertal 
groups or an interaction with heifer weight (Figure 2-15A and 2-15B). However, there was 
a decrease over the collection period (Figure 2-15C).  
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RDW was compared to total platelet count to create RDW to platelet ratio. In 
previous studies, RDW to platelet ratio has been found to predict elevated fibrosis levels 
in adult patients with chronic hepatitis (Chen et al., 2013). RDW to platelet ratio tended to 
be different with Early heifers having greater RDWa:PLT ratio compared to Typical and 
Non-Cycling heifers (Figure 2-16A), but there was no impacting factor of heifer weight 
(Figure 2-16B). Additionally, RDW increased over the collection period (Figure 2-16C).  
Blood Smears 
Granulocyte 
 There were no differences in amounts of neutrophils, basophils, or eosinophils 
when analyzed among pubertal groups (Figures 2-17A, D, and G). When analyzing all 
heifers irrespective of pubertal classification there was a difference in neutrophils, 
basophils, and eosinophils over time of the collection with neutrophils and eosinophils 
increasing with basophils declining overall (Figures 2-17B, E, and H). 
Agranulocyte 
 Both lymphocytes and monocytes were not different between pubertal groups 
(Figures 2-18A and D). However, monocyte counts for all heifers declined over the 
collection period (Figure 2-18E). Indicating that as heifers became more sexually mature, 
the amount of cells for both of these WBCs were reduced.  
DISCUSSION 
 The current study provides novel information related to whole blood parameters 
during pubertal development and how these parameters may contribute to alterations in 
pubertal attainment in beef heifers. Since only one year of data was analyzed, we are 
reporting differences in heifers born in 2019 born. Interestingly, heifers initiating puberty 
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earlier demonstrated tendencies for reductions in granulocytes (Early vs Typical), increases 
in RDWa:PLT ratio (Early vs Typical and Non-Cycling), and increases in hematocrit 
(Early and Start-Stop vs Non-Cycling). This suggests that reductions in certain WBCs and 
increases in RBC per volume of plasma may allow for earlier reproductive maturation and 
initiation of puberty. These parameters may also be key to enhanced growth and weight 
gain detected in Early heifers (Nafziger et al., 2021). In contrast, Non-Cycling heifers have 
delayed pubertal onset and reduced hemoglobin concentrations compared to all other 
groups suggesting that factors affecting hemoglobin production and function may 
contribute to delayed puberty.  
White blood cells play a crucial role in the innate and adaptive immune response in 
controlling pathogen invasion in vertebrate species. Different leukocyte populations are 
indicative of several physiological factors (Latimer, 2011; Pandey et al., 2017; Noya et al., 
2019). In humans, varying leukocyte populations has been expressed during the 
peripubertal period in girls and boys (Timmons et al., 2006). White blood cells are essential 
for communicating pro- and anti-inflammatory cytokines and chemokines to regulate acute 
and chronic inflammation (Cronkite and Strutt, 2018; Yahfoufi et al., 2020). Elevated 
chronic inflammation during the peripubertal period can result in alterations in the 
hypothalamic-pituitary-gonadal axis and delay or arrest puberty (Grob and Zacharin, 
2020). From this literature, we sought to evaluate if differences in leukocyte populations 
could be used as a potential evaluative tool to identify alterations and delays in pubertal 
attainment in beef heifers. 
 In the current study, granulocyte populations tended to be reduced in Early heifers 
compared to Typical (Figure 2-6A). This can indicate that Early heifers are less sensitive 
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or do not have as much inflammation as Typical heifers.  Neutrophils comprise the majority 
of the granulocyte population (Kobayashi et al., 2005). Neutrophils secrete chemokines 
and cytokines into circulation causing acute inflammation that will recruit additional 
leukocytes to this tissue.  
 No differences seen between the other leukocyte populations (Figures 2-3A, 2-4A, and 2-
5A) that explain potential delays in pubertal attainment. Reduced granulocyte numbers in 
Early heifers compared to Typical heifers may provide reduced inflammation allowing 
advanced pubertal development.  
 
Hematocrit is an evaluation of the volume of red blood cells compared to the total 
blood volume and is key for evaluating anemia in patients (Billett, 1990). Reduced 
hematocrit levels are common in menstruating girls and as a result boys usually have higher 
levels (Pluncevic Gligoroska et al., 2019). Reduced hematocrit levels have been associated 
with reduced CO2 removal from the lungs, internal parasitic infection, genetic disorders, 
deficiencies in metabolic enzymes, and destruction of RBC’s through oxidative stress 
(Craig, 1988; Volk et al., 2019; Kells et al., 2020; May et al., 2020). In contrast, elevated 
hematocrit levels are commonly caused by severe clinical dehydration, but can also be a 
determinant of thrombotic risk in polycythemia and erythrocytosis in adult humans 
(Gordeuk et al., 2019). 
 The majority of oxygen consumed by tissues is due to mitochondrial respiration 
during the process of oxidative phosphorylation in the electron transport chain (Pittman, 
2011). In previous studies, adult cattle have been shown to have hematocrit levels at 
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~37.8% whereas calves are at ~33.7% (Lin et al., 2020). As heifer calves age, elevated 
hematocrit levels are necessary to maintain additional mitochondria. 
In our study, hematocrit values were greatest in heifers that initiated cyclicity early, 
Early and Start-Stop heifers, compared to Non-Cycling heifers (Figure 4A) and increased 
as weight increased (Figure 4B). Additionally, Early heifers have been shown to be heavier 
in weight during development than Non-Cycling  (Nafziger et al., 2021). In our current 
study hematocrit levels have been shown to be increased as heifers increase in body weight.  
Body weight or percentage of mature weight in heifers is directly positively correlated with 
timing of pubertal onset (Martin et al., 2008).  Start-Stop heifers did not have increased 
body weight previously and still appear to be the lightest as yearlings; however, they are 
the category of heifers that initiate cyclicity at the earliest time period. We speculate that 
stress may be a factor in their rise in progesterone at this early time period, but; it is 
puzzling that they would also have increased hematocrit similar to Early heifers.  
 Weight has been shown to increase as hematocrit levels increase illustrating that 
lighter weight animals are less likely to have adequate or excess hematocrit levels (Figure 
2-9B). While there were no weight differences in our 2019 heifers (Figures 2-2 A-F), 
historically it has been shown that our Non-Cycling heifers have lower body weight 
compared to the other pubertal classifications (Nafziger et al., 2021). Including data from 
2012-2019, we observe that Non-Cycling heifers are lighter at weaning than Typical or 
Early but are not different at yearling. Thus, it is possible that Non-Cycling heifers may be 
slightly anemic. Furthermore, lower hematocrit levels have been associated with reduced 
weight and growth characteristics illustrating that Non-Cycling heifers may be less 
efficient for growth during the pre-pubertal period.   
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It can also be speculated that reduced oxygen binding would result in increased CO2 
concentrations in the blood. Previously, it has been shown that as hematocrit levels 
decrease, CO2 amounts released per mol of hemoglobin increased while the intracellular 
bound CO2 concentration decreased (Takiwaki et al., 1983). This resulted in higher pH 
levels in association with lowered hematocrit levels. pH levels are tightly regulated to 
maintain cell viability. Unregulated levels can result in numerous cell metabolism and 
function failures involving membrane lipid fluidity, ionic status of cell metabolites, signal 
transduction within and between cells, ATP production, protein synthesis, and apoptosis 
and posttranslational modification of proteins (Chesler, 2003; Obara et al., 2008). 
Therefore, reduced hematocrit levels shown in Non-Cycling heifers may be an indication 
of altered physiological changes that contribute to delayed ovulation.  
 Hemoglobin concentration and mean cell hemoglobin concentration have been 
evaluated during the peripubertal period in humans. In girls, hemoglobin levels will 
increase and eventually plateau while in boys it will continue to increase (Garvin, 2004). 
Hemoglobin is tightly correlated to testosterone levels in boys with severely reduced 
testosterone resulting in reduced hemoglobin levels (Krabbe et al., 1978; Thomsen et al., 
1986). Alterations in androgen production in males may therefore contribute to 
abnormalities in hemoglobin levels. Hemoglobin is important for maximal oxygen 
consumption. Relatively small decreases in hemoglobin can subsequently reduce oxygen 
transport to working muscles (Hunter et al., 2001; Andreacci et al., 2004). Alterations in 
hemoglobin may therefore contribute to altered or delayed pubertal attainment as less 
oxygen and subsequently more carbon dioxide is present in the body and with the 
reproductive organs.  
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Hemoglobin concentration was greater in Typical, Early, and Start-Stop heifers 
compared to Non-Cycling heifers. There were no differences seen between pubertal groups 
for mean cell hemoglobin concentration. For both parameters, they declined over the 
collection period while as in girls it typically increases. Similarly to hematocrit levels, 
hemoglobin concentrations also increased as weight increased indicating that animals with 
lighter weight would have reduced hemoglobin concentrations (Figure 2-11B). 
Additionally, Non-Cycling heifers have reduced reproductive development and  maturity 
compared to the other pubertal classifications when analyzing reproductive tract score, 
uterine horn diameter, and their estrous response to synchronization with PGF2α (Nafziger 
et al., 2021). Therefore, reduced hemoglobin and hematocrit levels may indicate hindered 
sexual maturity of the reproductive system as a result of lowered weight during pubertal 
development.  
 Altered levels of mean cell volume of red blood cell (MCV), red cell distribution 
width (RDW), and total red blood cell count have been used as evaluative tools for 
numerous human diseases including anemia, sepsis, hepatitis, hematologic disease, and 
cardiovascular diseases (Solak et al., 2013; Yilmaz et al., 2014). Elevated RDW levels have 
particularly been associated to be positively correlated to inflammation. In humans, 
differences in these hematological variables emerges during the peripubertal period 
(Pluncevic Gligoroska et al., 2019). In the study, we found no differences between these 
parameters and our pubertal groups (Figures 2-7A, 2-8A, and 2-10A). However, MCV and 
RDW increased over the collection period while total red blood cell count declined (Figures 
2-7C, 2-8C, and 2-10C). This is likely the result of the heifers growing and gaining weight 
over the trial period. The calculation for MCV best accounts for this as it takes the average 
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of the red blood cells in accordance with hematocrit (volume of red blood cells). During 
the study, MCV tended to increase when weight increased indicating that lighter animals 
were more likely to have reduced MCV (Figure 2-7B). By accounting for the average red 
blood cells over the total volume, MCV directly illustrates that more red blood cells are 
present as the animals mature.   
 Similarly to RDW, elevated platelet counts have been shown in response to 
inflammatory markers and cytokines such as IL-1 and IL-6 (Unsal, 2005; Zareifar et al., 
2014). Total platelet count and mean platelet volume did not vary between the pubertal 
groups. Both parameters had a steady decline over the collection period. While platelet 
levels can indicate inflammation in adults, without analyzing inflammatory markers over 
the collection, we cannot conclude that inflammation is present or absent within our study. 
Additionally, it is important to note that some potential error with platelet values can occur 
if inadequate anticoagulation happens within the samples (Billett, 1990). While this may 
have occurred to a certain degree within our study, sufficient number of heifers present 
would dilute any error that occurred.  
 Total platelet count was compared to lymphocyte populations to generate a platelet 
to lymphocyte ratio (PLR). PLR has become a novel inflammatory marker to detect low-
grade inflammation (Ye et al., 2019). In unexplained infertility (UI) in vitro studies, 
elevated PLR resulted in fewer implantations among patients (Tola, 2018; Kowsar et al., 
2021). PLR has been found to be significantly correlated to elevated 17-OH progesterone 
which can be an indication of polycystic ovary syndrome (PCOS) (Pergialiotis et al., 2018). 
Overall, reproductive failure has been associated with this parameter. In our study, PLR 
was not different between pubertal groups, but gradually declined over the collection 
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period. This would indicate that it is not contributing to potential inflammation that would 
alter pubertal attainment.  
 RDW was compared to total platelet count to create RDW to platelet ratio. 
Increases in this parameter is used to detect elevated fibrosis levels in human adult patients 
with chronic hepatitis (Chen et al., 2013). In our study, Early heifers had elevated RDW to 
platelet ratio compared to Typical and Non-Cycling heifers with overall levels continually 
increasing over the collection period. This parameter has been used to indicate fibrosis in 
humans (Chen et al., 2013). Elevated steroid production can result increases in fibrosis 
levels. Early heifers have been illustrated to have greater progesterone concentrations over 
the developmental period as a result of obtaining puberty sooner (Nafziger et al., 2021). 
Therefore, this may indicate heifers who begin estrous cyclicity sooner and have elevated 
steroid production. Since Early heifers initiate cyclicity sooner in the study and ovulation 
is an inflammatory event the increase in this ratio may indicate changes that reflect a greater 
amount of ovulations within Early heifers. To support this theory, estrous cycles would 
need to be correlated with weekly samples and parameters obtained at closer intervals than 
we have conducted in our study.  
CONCLUSION 
 Heifers that attain puberty early may have altered hematological factors that 
contribute to their increased weight and advanced sexual maturity. A tendency for 
reduction in granulocytes may indicate reduced inflammation in Early heifers allowing for 
normal processes to occur without any impediments to growth and development. Increased 
hematocrit and RDWa:PLT may also allow for increased efficiency of growth and 
utilization of nutrients contributing to the increased progesterone concentrations measured 
64 
during the pre and peripubertal period (Nafziger et al., 2021). Conversely, Non-Cycling 
heifers that have delayed pubertal onset displayed reduced hemoglobin levels which may 
contribute to their impaired growth, sexual maturity, and infertility in their first 
reproductive cycle (Nafziger et al., 2021). Overall, the hematological parameters evaluated 
in the current manuscript may be due to genetic, prenatal, or altered metabolic capacity in 
these different heifer pubertal groups. Further investigation will provide linkages between 
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Figure 2-1. Experimental Timeline of Hematrue and Bloodsmear Collections. Weekly 
plasma collections for pubertal classification begins prior to weaning in October and 
continues until breeding in May. During this time, monthly Hematrue analysis of whole 
blood samples occur indicated by the yellow arrow. Additional analysis of white blood cell 
populations by blood smears occur every other month and are represented by the blue arrows. 
In addition to analyzing whole blood, ultrasonography for reproductive maturity occurs in 
April. To prepare for breeding, all heifers are synchronized by two shots of prostaglandin 
F2α two weeks apart. After synchronization, heifers are bred by artificial insemination (AI) 
from estrus heat detection. The remaining heifers that are not bred by AI are naturally 
serviced by the bull.  
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Figure 2-2. Assessment of weight for 2019 (left;A-C) vs 2012-2019 (right;D-F) born 
heifers. While no differences in weight were seen in just the 2019 born heifers, Start-Stop 
and Non-Cycling heifers are shown to be lighter adjusted weaning weight (WW).  Nafziger 




Figure 2-4. Pubertal Group (A), Weight Correlation (B), Collection over time (C), and 
Collections*Group for lymphocyte (D). No differences were seen between pubertal groups 
and weight did not affect lymphocyte populations. A decline in lymphocytes was observed 
over the collection period.  
 
Figure 2-3. Pubertal Group (A), Weight Correlation (B), Collection over time (C), and 
Collections*Group for Total White Blood Cell (WBC) Count (D). No differences were seen 
between pubertal groups and weight did not affect total WBC count. A decline over the 





Figure 2-5. Pubertal Group (A), Weight Correlation (B), Collection over time (C), and 
Collections*Group for Monocyte (D). Monocyte populations were not different between 
pubertal groups or impacted by weight. A decline in monocytes was observed over the 
collection period.  
 
Figure 2-6. Pubertal Group (A), Weight Correlation (B), Collection over time (C), and 
Collections*Group for Granulocyte (D). Granulocytes tended to be different between Typical 
and Early heifers. Weight was not an impacting factor on granulocyte numbers. 





Figure 2-7. Pubertal Group, Collection (A), Weight Correlation (B), Collection over time 
(C), and Collections*Group for Mean Cell Volume (MCV) of RBC (D). Pubertal class was 
not different for MCV. As weight increased, MCV tended to increase in value. Over the 
collection period, MCV increased.  
 
Figure 2-8. Pubertal Group, Collection (A), Weight Correlation (B), Collection over time (C), 
and Collections*Group for Red Cell Distribution Width (RDW) (D). RDW was not different 
between pubertal groups or impacted by weight. Over the collection period, RDW increased 





Figure 2-9. Pubertal Group, Collection (A), Weight Correlation (B), Collection over time (C), 
and Collections*Group for Hematocrit (D). Early and Start-Stop heifers had the greatest 
hematocrit percentage compared to Non-Cycling heifers. Hematocrit also increased as 
weight increased. During the collection period, hematocrit declined.  
 
Figure 2-10. Pubertal Group, Collection (A), Weight Correlation (B), Collection over time 
(C), and Collections*Group for Total Red Blood Cell (RBC) Count (D). Puberty 
classification and weight were not different for RBC. Additionally, RBC declined over the 




Figure 2-11. Pubertal Group, Collection (A), Weight Correlation (B), Collection over time 
(C), and Collections*Group for Hemoglobin Concentration (D). Hemoglobin was greatest in 
Typical, Early, and Start-Stop heifers. Hemoglobin also increased as weight increased. 
Additionally, hematocrit declined over the collection period.  
 
Figure 2-12. Pubertal Group, Collection (A), Weight Correlation (B), Collection over time 
(C), and Collections*Group for Mean Cell Hemoglobin Concentration (MCHC) (D). Puberty 
classification and weight were not impacted by MCHC. Additionally, MCHC was different 





Figure 2-13. Pubertal Group, Collection (A), Weight Correlation (B), Collection over time 
(C), and Collections*Group for Total Platelet Count (D). Platelet count was not different 
between pubertal groups. However, platelet declined over the collection period and as weight 
increased.  
 
Figure 2-14. Pubertal Group, Collection (A), Weight Correlation (B), Collection over time 
(C), and Collections*Group for Mean Platelet Volume (D). Mean platelet volume was not 
different between pubertal groups or influenced by weight. Mean platelet volume declined 





Figure 2-15. Pubertal Group, Collection (A), Weight Correlation (B), Collection over time 
(C), and Collections*Group for Platelet to Lymphocyte Ratio (PLR) (D). Puberty 
classification was not different for PLR and was not influenced by weight. Over the collection 
period, PLR declined.  
 
Figure 2-16. Pubertal Group, Collection (A), Weight Correlation (B), Collection over time 
(C), and Collections*Group for Red Cell Distribution Width (RDW) to Platelet Ratio (D). 
Early heifers tended to have greater RDW to platelet ratio compared to Non-Cycling heifers. 





Figure 2-17. Pubertal Group, Collection over time, and Collections*Group for Neutrophil 
(A-C), Basophil (D-F), and Eosinophil (G-I). Neutrophil, basophil, and eosinophil were not 
different between pubertal groups. However, neutrophil and eosinophil increased over the 















Figure 2-18. Pubertal Group, Collection over time, and Collections*Group for Lymphocyte 
(A-C) and Monocyte (D-F). Lymphocyte and monocyte were not different between pubertal 




CHAPTER 1 APPENDIX 
  
ABSTRACT 
Over the past decade, our lab has developed and optimized a method to categorize 
pubertal attainment in beef heifers. Estrus cyclicity and initiation of puberty is determined 
by plasma progesterone (P4) concentrations ≥ 1 ng/ml analyzed over the course of weaning 
(Oct) to breeding (May). This has identified four distinct pubertal groups: Typical, Early, 
Start-Stop, and Non-Cycling. Initial methodology of defining puberty utilized monthly to 
bi-monthly plasma sampling over the 2012-2013 years. However, as our study has 
advanced, weekly plasma sampling is taken from weaning to breeding beginning in 
February of 2014 continuing to the present. Since our frequency of collections has changed, 
our   aim was to confirm that results derived with earlier year less frequent sampling (2012-
2014) were similar to yearly only with frequent (weekly) sampling. So we compared 2012-
2016 data to 2015-2018-9 born heifer parameters in the current study. All production 
factors published in Nafziger et al., 2021 were evaluated to categorize production value 
and reproductive development and success. Of the growth production value factors, there 
were no changes detected amongst adjusted birth weight (BW), adjusted weaning weight 
(WW), and weaning to yearling average daily gain (ADG). Minor changes were seen for 
both adjusted yearling weight birth to weaning ADG where Typical and Early heifers were 
heavier compared to Start-Stop and Non-Cycling in 2015-current. In evaluating birth to 
yearling weight per day of age (WDA), a large changed occurred where initially Start-Stop 
heifers were lighter compared to the other pubertal groups. However, in 2015-current, there 
are no differences between the pubertal groups. Observation of reproductive development 
96 
and success factors found no differences for antral follicle count, uterine horn diameter, 
estrous response to prostaglandin F2α, conception to artificial insemination (AI) to those 
bred via AI, or overall pregnancy differences. Minor differences were seen in heifers 
categorized as a reproductive tract score of 5 where Typical heifers are no longer different 
to Start-Stop. Prebreeding weight also found that Early heifers are heaviest followed by 
Typical and then Start-Stop and Non-Cycling in 2015-current. Additionally, calving within 
the first 21 days showed that Typical heifers are more likely to when compared to Start-
Stop. While minor differences are observed, these results conclude that frequency 
differences in plasma progesterone sampling did not vastly alter observed production and 






















Figure A-1. Comparison of Adjusted Birth Weight for 2012-2019 and 2015-2019 heifers to 
determine effects of frequency of blood collection in heifer pubertal classifications. No 
differences were seen between progesterone sampling frequency.  
 
Figure A-2. Comparison of Adjusted Weaning Weight for 2012-2019 and 2015-2019 heifers 
to determine effects of frequency of blood collection in heifer pubertal classifications. No 






Figure A-3. Comparison of Adjusted Yearling Weight for 2012-2019 and 2015-2019 heifers 
to determine effects of frequency of blood collection in heifer pubertal classifications. With 
increased progesterone sampling, Start-Stop now have lowered adjusted yearling weight 
compared to Typical and Early heifers.  
Figure A-4. Comparison of Birth to Weaning Average Daily Gain for 2012-2019 and 2015-
2019 heifers to determine effects of frequency of blood collection in heifer pubertal 
classifications. Increased progesterone sampling resulted in lower birth to weaning ADG for 






Figure A-5. Comparison of Weaning to Yearling Average Daily Gain for 2012-2019 and 
2015-2019 heifers to determine effects of frequency of blood collection in heifer pubertal 
classifications. No differences were seen between progesterone sampling frequency.  
 
Figure A-6. Comparison of Birth to Weaning Weight per Day of Age for 2012-2019 and 
2015-201 heifers to determine effects of frequency of blood collection in heifer pubertal 
classifications. Increased progesterone sampling resulted in no differences for birth to 






Figure A-7. Comparison of Antral Follicle Count for 2012-2019 and 2015-2019 heifers to 
determine effects of frequency of blood collection in heifer pubertal classifications. No 
differences were seen when progesterone sampling frequency increased.  
 
Figure A-8. Comparison of Uterine Horn Diameter for 2012-2019 and 2015-2019 heifers to 
determine effects of frequency of blood collection in heifer pubertal classifications. No 






Figure A-9. Comparison of Percent of Reproductive Tract Score of 5 for 2012-2019 and 
2015-201 heifers to determine effects of frequency of blood collection in heifer pubertal 
classifications. Increased progesterone sampling resulted in Start-Stop heifers no longer 
being different when compared to Typical heifers.  
 
Figure A-10. Comparison of Prebreeding Weight for 2012-2019 and 2015-2019 heifers to 
determine effects of frequency of blood collection in heifer pubertal classifications. After 
increasing progesterone sampling frequency, Early heifers had the greatest prebreeding 






Figure A-11. Comparison of Estrous Response to Prostaglandin F2α for 2012-2019 and 
2015-2019 heifers to determine effects of frequency of blood collection in heifer pubertal 
classifications. No differences were seen with increased progesterone sampling frequency.  
 
Figure A-12. Comparison of Conception to Artificial Insemination (AI) for those bred to AI 
for 2012-2019 and 2015-2019 heifers to determine effects of frequency of blood collection in 
heifer pubertal classifications. No differences were seen with increased progesterone 








Figure A-13. Comparison of Overall Pregnancy Rate for 2012-2019 and 2015-2019 heifers 
to determine effects of frequency of blood collection in heifer pubertal classifications. No 
differences were seen with increased progesterone sampling frequency.  
 
Figure A-14. Comparison of Calving within the 1st 21 Days for 2012-2019 and 2015-2019. 
Comparison of Calving within the 1st 21 Days for 2012-2019 and 2015-2019 heifers to 
determine effects of frequency of blood collection in heifer pubertal classifications. After 
increasing progesterone sampling, Start-Stop was now different from Early and Typical 
and similar to Non-Cycling had reduced calves born in the first 21 days of calving.   
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CHAPTER 2 APPENDIX 
SUMMARY 
 A standard operating protocol was established to maintain consistency in operating 
the HemaTrue® Veterinary Hematology Analyze. This protocol describes the procedures 
for initial setup, running a whole blood EDTA tube, replacement of reagents, admission 



















Hematrue Operating Protocol 
 
Setup Procedure 
1. For initial setup and activation, tap the screen and 
select exit standby mode.  
a. The system will do a complete run through 
and will take approximately a minute to 
complete. 
2. The system will finish standby mode and 
automatically bring up the daily startup menu. 
a. Perform a background check to make sure 
there are no residual readings from 
previous runs. 
i. It is critical that the values are 
within the error range, preferably 
0. If the machine fails the first 
background check, rerun an 
additional background. It should 
work, but if not contact Eileen, 
Rachel, or Jessica for troubleshooting.  
Running a Sample 
1. Once the background checks have been completed, a sample is ready to run. 
2. Invert the sample multiple times to ensure it is well mixed.  
a. The machine can mix it for you while it is setting up/processing a sample. 
Place the sample in the front turning wheel for the sample to be mixed. 
b. It is important to make sure there are minimal/no clots present in the 
sample. Clots can easily clog the tubing within the machine. If there is a 
clot, use a wooden stick to gently swirl the blood.  
3. Once the sample is mixed, select new sample on the screen.  
4. To change species (default is sheep), press previous until species is bovine 
5. Add in animal ID with number keypad  
6. Insert the sample probe to the sample and press the start plate. This will initiate 
the analysis.  
a. Make sure the tube is removed swiftly from the probe to allow it to be 
cleaned. 
b. It will take ~1 min for the sample to be processed  
7. The results for the sample will be viewable on the sample screen. 
a. It is recommended to take a picture of the processed sample and be 
ready to add the next sample. Results can then be recorded while the 
next sample is being processed. This will ensure efficiency in processing 
all heifer samples.  
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Note: It is important to do background checks throughout the processing of the 
samples. Normally after ~14 samples, do 2 background checks to ensure there is 
minimal interference for the upcoming samples. 
Changing an Empty, Low, or Expired Reagent Container 
1. While the Hematrue is not processing a sample, press menu to access the main 
menu screen. 
2. Press Reagent Setup and then Enter New Reagent to change a reagent container 




Note: Barcodes 1 and 2 to be scanned when replacing a reagent bottle. The 
handheld scanner is found on the right backside of the machine.  
 
4. Remove the used reagent bottle and insert the new reagent bottle with the 
appropriate transfer tubing. 
 
 
Entering Standby Mode 
1. Once all samples are processed, run background check(s) to clear the Hematrue 
system. Usually 2 backgrounds checks are necessary but do as many as necessary 
until there are no residual readings and/or the values are within the error range 
(preferably 0). 
2. After completing the background checks, select menu to pull up the main menu 
screen.  
3. Select Enter Standby mode to prepare the machine for the next run.  
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a. DO NOT PRESS SHUTDOWN. The machine needs to continually run and 
be primed before it can process samples. Entering shutdown will result in 
the machine needing to be reprimed before it can run any new samples.  
Common Troubleshooting Tips 
While the Hematrue generally works with little error, it can be a fickle machine. 
 
No Values for White Blood Cells 
• This error commonly occurs if a reagent runs out or the Hematrue was allowed 
to “run dry” 
• To fix this, make sure there is sufficient reagents according to the machine. 
o Select menu to pull up the main menu. Select New Reagent as if to add a 
new reagent. It should say at the bottom of the screen how many runs 
are left for each specific reagent. The diluent will need to be 
changed/added the most frequently and is the most likely thing to run 
out of. If there is “0 Runs Left”, replace with the respective reagent.  
o Likely, the system will need to be primed before another sample can be 
rerun even with the new reagents. From the main menu screen, select 
prime system. Once this is completed, the samples should be processed 
smoothly. 
No Values for Platelets 
• This error does not occur frequently, but in some cases there will be no platelet 
value for the sample. If this occurs, run the necessary amount of background 
checks to clear the system. Once the system is cleared, rerun the sample. This 
does not always work, but it has worked in the past. If after running the sample 
twice and no platelet value is obtained, make a note and continue to process the 
remaining samples.  
 
 
 
